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PREFACE 
This report  was prepared by McDonnell Douglas Astronautics 
Company under Contract NAS3- 17801. The contract is administered 
by the National Aeronautics and Space Administration, Lewis 
Research Center, Cleveland, Ohio. The NASA Project  Manager 
for  the contract  is Mr. John C. Aydelott. This is the final report  
or1 the contract  and it summarizes  the technical effort expended 
f rom 3 January 1974 to 30 June 1975. . 
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DESIGN AND EVALUATION OF THERMODYNAMIC 
VENTISCREEN BAFFLE CRYOGENIC STORAGE SYSTEM 
By E. C. Cady 
McDonnell Douglas Astronautics  Company 
SUMMARY 
. 
A comprehensive analyt ical  p r o g r a m  was  performed to compare  a n  
integrated thermodynamic vent s y s t e m  (TVS) and wall  s c r e e n  l iner  (WSL) 
orbi ta l  cryogenic propellant  s to rage  and t r a n s f e r  s y s t e m  with o ther  sys tems.  
Both a pumped TVS and a cooled-shield TVS, integrated with both a full WSL 
and a multiple- channel pa r t i a l  WSL, w e r e  studied. When compared with a 
Tug-scale  (70.5 m 3  (2,500 ft3) LH2 tank and 21.24 m3 (750 ft3) LO2 tank) 
propulsively accelera ted  resupply module, the  pumped TVS/W SL was  20% 
l ighter  and the cooled-shield TVS/part ial  WSL was  29% l ighter  f o r  a 3-day 
coast ,  17-hour t r ans fe r  mission.  F o r  a mul t ip le - res t a r t  acquisi t ion miss ion,  
the  cooled-shield TVSIWSL w a s  8% heavier  but potentially m o r e  re l iable  than 
the propulsively set t led r e s t a r t  sys tem.  
The s c r e e n  sys tems  w e r e  compared with smal l - sca le  (-0.5 m3) super -  
c r i t i ca l  cryogen s to rage  s y s t e m s  f o r  life suppor t  r eac tan t  supply, and w e r e  
up  to  40% m o r e  efficient in t e r m s  of the r a t io  of del ivered reac tan t  to total  
s y s t e m  weight fo r  30-day to 200-day orbi ta l  coaat  miseione.  F o r  the Space 
Shuttle fuel cel l  reac tant  supply sys tem,  u s e  of a cooled-shield TVS/WSL 
saved about 139 kg (306 lb) fo r  the basel ine 7-day miss ion  and about 556 kg 
(1225 lb) fo r  the 30-day extended miss ion,  compared t o  the c u r r e n t  super -  
c r i t i ca l  design. 
The s c r e e n  sys tems  w e r e  compared with the h igh-pressure  gae s to rage  
s y s t e m  f o r  the Spacelab a tmosphere  makeup supply. I t  was  found that  a 
cooled- shield TVS/WSL would save  349 kg (700 lb) out of 442 kg (975 lb) of 
i n e r t  s y s t e m  weight fo r  a 30-day miss ion.  
Detail design of a 51 - c m  (20-inch) d iamete r  LN2 tank with a full pleated 
WSL for  NASA LeRC Zero-Gravi ty  Facil i ty exper iments  w a s  accomplished. 
An experimental  p r o g r a m  was  performed which studied the effects  of heat  
t r a n s f e r  on the LH2 bubble point of eight s c r e e n s  ranging f r o m  325 x 2300 to  
120 x 120. I t  was  found that  hea t  flux up to 9450 wat t Im2 (3000 ~ t u l h r - f t 2 )  
resul ted  in a max imum bubble point degradation of 12.5%. No obeervable  
ri effects  of gaseous  hel ium p r e s s u r a n t  (compared to  GH2 pressuran t ) ,  s c r e e n  
m a t e r i a l  (aluminum compared to s ta in less  s teel) ,  o r  LH2 superheat  w e r e  
noted. 
INTRODUCTION 
Future space missions will require cryogenic fluid storage and expulsion 
eubsystems capable of providing efficient long-term subcrit ical  storage,  
and predictable low-g liquid expulsion for reliable multiple low-g propulsive 
stage main-engine res ta r t s ,  auxiliary propulsion, life support systems, and 
in-orbit propellant t ransfer .  Capillary systems using fine-mesh screens  
have been developed and shown to control fluid behavior for a wide variety 
of noncryogenic fluids in orbit ( ref .  1). However, to achieve s imilar  expul- 
sion success  with cryogenic propellants during orbital storage and transfer, 
heat and m a s s  transfer effects must also be controlled. 
A number of techniques have been proposed to achieve the required 
thermal control. One concept u s e s  a dual-screen l iner and i s  designed to 
hold the cryogen off the tank wall to provide liquid-free venting (ref.  2). This 
approach i s  relatively heavy and re l ies  on passive gravity-dependent thermal 
control, which has not been demonstrated in low gravity. Pass ive systems 
for thermal control, based on thermodynamic phase conversion and using a 
wall-mounted heat exchanger, have been proposed to intercept and remove 
the heat entering the cryogen tank (ref.  3). Active thermodynamic vent 
systems (TVS), using a pump and compact heat  exchanger, have been 
developed by NASA (refs .  4,  5). Use of a pump entails a potential decrease  
in system reliability, but resul ts  in  fluid-dynamic and heat-transfer processes  
that a r e  not significantly gravity -dependent and which have been satisfactorily 
demonstratc.3 in ground tests .  
Proper  integration of a thermodynamic vent system with a single-wall 
sc reen  liner (WSL) for liquid acquisition cou!d provide a simply constructed, 
reliabLe, and proven solution to the problems of low-gravity cryogenic pro- 
pellant storage, outflow, and resupply. Further,  optimization of the thermo- 
dynamic vent system and single-wall sc reen  liner configuration and flow 
character is t ics  could provide the critically required thermal  and fluid dynamic 
control i n  the c1 Jogen tank during inflow. 
This integrated TVS and WSL acquisition sys tem was studied by McDonnell 
Douglas Astronautics Company (MDAC) under NASA Contract NAS3-15846 frorr* 
July 1972 to August 1973 to determine the sys tem fluid d y n a m i ~  feasibility ar.2 
general optimum design character is t ics  for LHZ a t  34. 5 N/cm (50 psia) 
(ref. 6). 
The overall system concept studied i s  shown schematically in Figure 1. 
The system consists  of two major components, a complete WSL and 
I a pump-driven TVS. The annulus between the sc reen  and the tank wall 
! 6 remains full of liquid a t  a l l  t imes and se rves  two functions. F i r s t ,  i t  provides 
;. liquid communication f rom the outflow line to the bulk propellant in the tank 
. X 
e which, although i ts  orientation in the tank is unknown, will certainly be in 
f .  contact with the tank sc reen  l iner because of the wetting character is t ics  of 
cryogens. This  communication allows outflow and propellant t ransfer  in low 
a ! gravity. Second, the annulus provides the flow path for pumped cryogen, 
which absorbs  tank incident heating, flowe through the standpipe, and re jects  
the absorbed heat to the TVS. 
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Figum 1. Conceptual 1 rnk Design 
The NAS3 -15846 study verified that the TVSIWSL eye tem was fluid- 
dynamically feasible for LH2 storage a t  34. 5 ~ l c m ~  (50 psia), and determined 
the optimum (lowest s s tem wei ht) design character is t ics  fo r  s ix  tanks Y 5 ranging f rom 141.6 m (5,000 ft  ) with L ID  = 4 to 1.416 m3 (50 ft3) with 
LID = 1. 
The 18-month program described in this repor t  continued the work 
performed under Contract NAS3-15846 by performing analyses and experiments 
t o  determine i f  the integrated TVSIWSL system was competitive, compared to  
accelerated or supercri t ical  systems,  for orbital LH2 /LO2 acquisition and 
t ransfer  systems. The original contract consisted of four tasks plus reporting. 
Two new tasks were  added in September 1974. The s ix  tasks performed 
under Contract NAS3-17801 a r e  described here. 
In Taok I, the TVSIWSL storage eystem was evaluated parametrically for  
use  with liquid oxygen (L02)  a t  34.5 N/c (50 psia). A range of spherical  y2 tank s izes  - 0. 1416, 1,416, and 14. 16 m (5, 50, and 500 ft3) was optimized 
for minimum weight using the screen character is t ics ,  correlations,  and 
analyses developed under Contract NAS3-15846 for 30- and 300-day missions 
with a range of outflow ra tes ,  TVS flow ra tes ,  and g-levels. 
In Task 11, three storage and transfer concepts were  structurally optimized 
and compared for both a 70.8-m3 (2,500-ft3) LH2 tank and a 21.24-m3 (750-ft3) 
LO2 tank for two different storage and t ransfer  missions. The re  were  the 
TVSIWSL system with either a full o r  part ial  WSL, a zero-heat-leak shield/  
WSL, eystem with either a full or  par t ia l  WSL, and an acceleration-settled Tug 
propellant trancrfe r module. 
4 
In Task 111, three storage and t ransfer  concepts were structurally 
optimized and compared for  LH2 and LCZ tanks, each with a capacity of 
0.5 m3  (17.5 ft3), for 30- and 300-day environmental control and life support 
(ECILS) fluid storage and t ransfer  missions. These were the TVSIWSL so 
tem with either a full or partial  WSL, a zero-heat-leak shield/WSL systca,n 
# 
with either a full or partial WSL, and a supercri t ical  storage and transft 
module. 
In Taok IV, a 51-cm (20-inch) diameter spherical tank containing screen 
channels and suitable for testing in the NASA LeRC Zero-Gravity Facility was 
designed in detail. The design specifications and requirements were defined 
by NASA and included the requirements that the experimental tank system, 
containing the screen acquisition system, be interchangeable with an unbaffled 
tank which i s  a par t  of an existing Zero-Gravity Facility experimental test  
package. 
In Task V ,  thermal/  structural  optimizations were  performed for LH2 
and LO2 tanks sized to meet the requirements of an advanced manned space 
transportation system, and an advanced manned space laboratory module for 
supplying fuel cell reactants and maintaining a habitable environment. The 
TVSIWSL was designed in sufficient detail to be compared with the Space 
Shuttle supercri t ical  fuel cell reactant and life support fluid supply system 
and the Spacelab gaseous nitrogen and oxygen atmosphere supply system, on 
the basis of weight. 
In Task VI, an  experimental program using LH2 was performed to 
determine the effects of heat t ransfer  and pressurizing gas on the static 
retention capability of eight screens.  Gaseous helium and hydrogen were 
used a s  pressurants.  A range of heat transfer ra tes  was used to simulate 
those encountered with warm gas pressurization of cryogenic storage systems 
employing screen baffles, 
This report  i s  not organized by task: ra ther  i t  i s  divided into anAnalytica1 
Studies section covering Tasks I, il, 111, and V ,  and a Heat l ransfer Effects 
Experimental Study section covering Task VI. The Task IV design effort is 
described in Appendix A .  
ANALYTTCAL STUDIES 
The basic objective of a l l  of the analysis work described in this section 
was to compare the TVSIWSL system on the basis of weight with currently 
accepted methods of orbital  storage and t ransfer  suck 2s propulsion- 
accelerated transfer,  supercri t ical  storage, and high-pressure gas. 
The previous study (Contract NASS- 15846, ref. 6 )  showed that a sig- 
nificant weight penalty in additional boiloff over long missions may be 
incurred by the TVS pump, together with potentially decreased reliability. 
Fo r  this reason, the use  of a cooled-shield TVS was a l so  analyzed. A cooled 
shield is a thin metallic shield with attached coolant tubes, which i s  integrated 
with a multilayer insulation (MLI) system and completely surrounds the tanks. 
The shield ac t s  a s  a boiler for vented liquid and intercepts a l l  of the heat f!ux 
to  the tank through the MLI; however, heat through heat shorts (supports, 
plumbing, etc. ) may not be intercepted and must  be carefully controlled to 
allow proper TVS ope- ation. 
A basic ground rule in these analyses was that the thermal protection 
system was not changed f rom the baseline systems, with the exception of the 
high-pressure gas storage and the cooled-shield systems.  Fo r  the super- 
cri t ical  systems,  cooled shields were  already employed, not a s  boilers,  but 
a s  gas superheaters.  For  some of these, modifications were  required to the 
thermal  control system to allow proper operation of the cooled-shield TVS, 
a s  described below. 
Paramet r ic  Eva lu~ t ion  of the TVS/WSL for Liquid Oxygen 
The analytical tools and c ornpute r programs necessary for these analyses 
were  a l l  developed under Contract NAS3-15846 (ref. 6) and were  used directly. 
As  in the previous study, i t  was assumed for  this task that each tank was an 
adiabatic system a t  34. 5 ~ / c m Z  (50 psia) with oxygen vapor and liquid a s  the 
only contained fluids. The character is t ics  of the three tankage systems to be 
studied a r e  shown in Table l a .  Baffle diameters were  arbi t rar i ly  selected 
based on the previous study (ref.  6 )  and resulted in  a puddle residual 
of l e s s  than 0.1 percent. Shown in Table l b  a r e  the pertinent prope: 'iee of 
34.5 ~ / c m 2  L02.  
The correlations developed for LH2 under Contract NAS3 - 15846 were  
corrected for use  with LO2. The sc reen  bubble points, determined with 
34. 5 ~ I c m 2  (50 pl~ia)  LH2, a r e  characterized by the bubble point equation 
( s ee  symbols l ist) :  
It  vlas assumed that the @ obtained for saturated LH2 a t  34. 5 .l/crn2 (50 psia) 
was appropriate for LO2 a t  34. 5 ~ l c r n ~ .  Since both fluids were  ~ a t u r a t c d  
cryogens ( ze ro  coiltact angle) with low surface tension values, it  was reason- 
able to ooaume that their behavior within the sc reen  pores woulcl be s imilar  
and that the values of 6' would be comparable. The bubble point for LO2 was,  
therefore,  predicted from the fluid properties of surface tenrion, u, and 
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density, p .  The surface  tension of LO2 (ref .  7) was 10 dyne/cm (6.9  x 10-4 
lb/f t)  a t  34. 5 N/cmZ. The density of LO2 (ref .  7)  was 1065 kg/m3 (66. 5 lb /  
ft3) a t  34. 5 N/cm2. Therefore, corn aring the static bubble point head, H, e for 34. 5 N/crnZ LO2 with 34. 5 N/cm LH2 gave: 
. The values of HLO tor  the 10 sc reens  previously studied ( re f .  6) a r e  shown 
in  Table 2. ~ e f e r e k c e  8 indicated that these 10 s c r e -n s  were  suitable fo r  
use  in the 3 tanks studied; therefore,  these 10 sc reens  we re  used in this 
analysis. The sc reen  flow-through loss  correlat ion determined previously 
(ref. 6) is: 
t F r o m  equation ( 3 ) ,  the head loss  parameter ,  A ,  var ies  a s  p / p  (o r  kinematic 
I I viscosity), while B i s  independent of fluid propert ies.  Thus, comparing A 
and B for 34.5 Nlcm2 LO2 with 34.5 ~ / c m 2  LH2 gave: 
t 
8 
i 
The channel flow-loss correlat ion relates friction factor and Reynolds number 
- .  
r (both of which already include fluid properties) with a roughness paramete r  
t based on the screen shute wire  size. Thus, the only correction required of 
. f 
g the channel flow (annulus) correlat ion was inclusion of the proper fluid prop- 
: 1 er t ies .  The values for  the sc reen  performance paramete rs  for  u se  with 34. 5 N/cm2 LO2 a r e  summarized in Table 2. 
Analysis of Screen Po re  Size and Wall Spacing. - The conditions for 
which the annulus spacing was studied for each screen in each tank a re :  
A. Acceleration: and g. 
B. Inflow rate:  160 of tank volume/minute. 
C. Outflow rate: 1 and 0. 01% of tank volume/minute. 
D. Pump-mixer flow rate:  1 and 0. 1% of tank volume/minute. 
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Again, annulus spacings f rom 1 to  570 of tank volume see  Table l a )  and 
the worst condition of flow were studied. It was shown in ref. 6 that the 
wors t  flow condition was outflow against gravity a t  the maximum flow rate. 
The analysis described in ref. 6 was used to study each tank, screen, and 
g-level, resulting in plots of safety factor ( ra t io  of sc reen  bubble point to 
total flow head 1 sses )  a s  a function of puddle residual. As shown in Figure 2 
for the 14. 16-mg (500-ft3) tank, the four finest screens had adequate pe r -  
formance (defined a s  a safety factor of 2)  using a 170 annulus a t  g l s .  Seven 
of the 10 screens showed adequate performance in the 170 annulus a t  g l s ,  
and the remaining 3 (24 x 110, 60 x 60, and 40 x 40) had adequate performance 
in the 270 annulus a t  gls. Fo r  the 1. 416-m3 (50-ft3) tank, a s  shown in 
Figure 3, 6 of the 10 screens  had adequate performance in the 170 annulus a t  
10'2 g 's ,  and the remaining 4 had adequate performance in the 170 annulus 
a t  10-3 g's. 
Figure 4 shows that 7 of the 10 screens had adequate performance in the 
0.1416-m3 (5-ft3) tank in the 1% annulus a t  gls.  Two of the 3 remaining 
screens a l so  had adequate performance a t  10-2 g l s ,  but with la rger  annulus 
gaps (270 for the 24 x 110 and 470 for the 60 x 60). Only the 40 x 40 screen 
did not have ade uate performance a t  1 0 ' ~  g l s ,  but would have adequate per -  
formance a t  10-9 g's. 
Again, a s  was the case for the LH2 tanks (ref.  6), the lightest practical  
screens,  giving adequate performance with minimum screen weight, were the 
325 x 2300 and 150 x 150 ( see  Table 2). Therefore, these two screens were 
carr ied along through the pump-mixer and tankage optimization tasks. 
Determination of Pump-Mixer Power Requirements. - The same tech- 
niques for standpipe optimization and pump-mixer characterization used 
previously (ref. 6) were used for this study. The hydrostatic head was not 
included i n  the total TVS pump power because this head was recovered for 
TVS flow down the standpipe and the s tandpipe/pump-mixer optimization 
was independent of g-level. Definition of the optimum standpipe size i s  
shown a s  the c i rc les  i n  Figures 5,6, and 7 for the three tanks and for the 
two missions and TVS flow rates.  
It was shown in the preliminary analysis described in  ref. 8 that 
there was an insignificant difference between an aluminum and a stainless 
steel  standpipe in the LO2 tank. This was because the high density of LO2 
forced the standpipe residual weight and the pump boiloff weight to  be 
dominant, and the standpipe weight was second-order in effect. Thus, the 
differences due to  standpips mater ia l  were minimized, F o r  the final system 
study discussed in ref. 8, there was only a 4. 5-kg (10-lb) weight difference 
out of 454 kg (1000 lb) total weight (1.0%) for an  aluminum standpipe com- 
pared to a stainless s teel  standpipe in the 14.16-m3 (500-ft3) tank. Similar 
results  were  found for the other tanks. Therefore, only the stainless steel  
standpipe was studied for the LO2 tank systems. 
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Figure 5. Determination of Optimum Standpipe Diameter for 14.16-m3 (500-ft3) LO2 Tank 
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F i ~ m  6. Determination of Optimum Standpipe Diwneter for 1.416-m3 (50ft3) LO2 Tank 
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Figure 7. Determination of Optimum Standpipe Diameter for 0.1416-m3 (sf$) LO2 Tmk 
In determining the pump-mixer character is t ics ,  it was assumed that the 
same pump and motor efficiency character is t ics  were appropriate because the 
mixers  were vane-axial fans operating a t  a very low power level. Thus, the 
total efficiency correlation used in ref. 6 was used in this study. However, the 
weight of the LO2 pump-mixer was greater  than for an LH2 pump-mixer. 
This was because in order  to  a s su re  safe motor operation in LO2, the stator 
was sealed in a can pressurized with helium above the LO2 pressure .  The 
rotor was f ree  to operate with LO2 lubricated bearings with no safety hazard. 
This concept has been extensively studied and developed by Pesco P? ,ducts 
(now Sundstrand Corporation), and an appropriate revised motor weight 
correlation was obtained from Sunds trand (ref.  9). Sundstrar~d e s  timated that 
the weight of the sealed LO2 motor would be 10% greater  than the weight of 
the LH2 motor of the same size. This increase had a n  insignificant effect on 
system weight since the largest  motor i n  this study weighed on the order  of 
0 . 1  kg. 
A more serious problem resulted f rom the very smal l  power require-  
ments for these mixers .  Mr. G. H. Caine of Sundstrand (ref. 9) made the 
following expert observations regarding smal l  e lectr ic  -motor -driven pumps: 
A.  The smallest  low-head-rise LH2 pump for destratification made by 
Pesco  was rated a t  7 watts, but was actually tested a t  - 1 watt by 
General Dynamics/Convair by reducing both voltage and I,-eguency 
to about one third of their design values. 
B. T h e  s m a l l e s t  phys ica l  d imens ion  of a  pump m a d e  by P e s c o ,  which 
w a s  ope ra t ed  a t  v e r y  high R P M ,  w a s  a d i a m e t e r  of about  2  c m  
(0. 07 f t ) .  
C. T h e  lowest  p r a c t i c a l  power  l e ~ r e l  f o r  n o r m a l  u s e  i s  about  1  wat t ;  
t h i s  i im i t  is imposed  by s t a r t i ng  t o r q u e  r e q u i r e m e n t s  caused  by 
poss ib l e  contamina t ion  ( a  p a r t i c l e  between moving p a r t s ) .  As  a n  
e x a m p l e ,  a n  e l e c t r i c  c lock  usua l ly  d r a w s  a  m i n i m u m  of 1  watt  f o r  
the  s a m e  r ea son .  
D. T h e  l i m i t  of 1  watt  i s  ba s i ca l l y  a re l iab i l i ty  l imi t  and r e p r e s e n t s  
the  l im i t  of P e s c o  expe r i ence .  
E. Below 1 wat t ,  l o s s e s  such  a s  bea r ing ,  windage,  f r ic t ion ,  and s t r a y  
(gap )  l o s s e s  become  v e r y  s ignif icant ,  e spec i a l l y  fo r  LO2 pumps  
with "canned" s t a t o r s  and l a r g e r  g a p  l o s s e s .  The  va lues  of 2-3% 
eff ic iency obtained a r e  probably  r e a l i s t i c .  
F. With t , e ry  c l e a n  s y s t e m s ,  and with the na tura l  f i l t ra t ion  eff ic iency 
of t he  s c r e e n  l i n e r ,  a  p r ac t i ca l  m i n i m u m ,  within the r e a c h  of 
c u r r e n t  technology, would be  0. 1  wat t  input pou . r .  Again, t h i s  
m i n i m u m  i s  a  re l iab i l i ty  lllr;it imposed  by  potent ia l  contaminat ion,  
not n e c e s s a r i l y  a  fabr ica t ion  l imit .  T h e s e  t iny m a c h i n e s  would 
hat.e to be f ab r i ca t ed  unde r  a  m i c r c s c o p e ,  and m o t o r  weights  of 
4 t o  5  g r a m s  (0.  01 l b )  would not be  un rea l i s t i c .  
G. P u m p s  of 0.1 w a t t  input power  would r e q u i r e  development .  A signif i -  
c a n t  p rob lem in  such  deve lopment  would be  a c c u r a t e  de t e rmina t ion  
of v e r y  low pump head and f lowra te ,  and espec ia l ly  eff ic iency.  
Based  on t h e s e  obse rva t ions ,  a m i n i m u m  input power  of 0. 1  watt  w a s  
a s s u m e d  i n  t h i s  and a l l  subsequent  ana lyses .  
Se lec t ion  of Opt imum Tankage  Design.  - C'sing the  op t imum standpipe 
s i z e  de t e rmined  f r o m  F i g u r e s  5  to  7 ,  the  op t imum s y s t e m  weight  ana lys i s  
w a s  p e r f o r m e d  us ing  t h e  a n a l y s i s  developed prev ious ly  ( r e f .  6 )  f o r  t he  full  
r ange  of flow condi t ions,  m i s s i o n  t i m e s ,  and tank s i ze s .  F i g u r e  8 shows 
the  op t imiza t ion  fo r  the  14. 16 m 3  (500- f t3 )  t ank  fo r  t he  300-day mi s s ion .  
The  effect  of t he  high dens i ty  LO2 r e s i d u a l  forced  the  m i n i m u m  weight 
s y s t e m  toward  the  m i n i m u m  annulus  gap  ( 1 .  276 f o r  t he  325 x 2300 s c r e e n  
and 1.470 f o r  the  150 x 150 s c r e e n ) .  F i g u r e  8 shows tha t  s c r e e n  weight  
d i f f e r ences  a l s o  d i s a p p e a r  because  of the LO2 weight dominance .  F o r  t he  
30-day  m i s s i o n  f o r  the 500-f t3  tank ,  shown in  F i g u r e  9,  the  e x t r e m e  d o m -  
inance  of t he  annulus  r e s idua l  forced  the  m i n i m u m  weight s y s t e m  to t h e  
m i n i m u m  annulus  gap  - a s  w a s  t he  c a s e  f o r  the LH2 tank s tudy ( r e f .  6 ) .  F i g -  
@ u r e  10 shows tha t  f o r  the 1 . 4 1  6-3  (50-  ft3) tank, the  m i n i m u m  weight  o c c u r s  
a t  a 1. 5 5  annulus  f o r  both th, 325 x 2300 and 150 x 150 s c r e e n s  f o r  t he  300-  
day  m i s s i o n ,  while  f o r  the  30-day m i s s i o n  the m i n i m u m  annulus  a p  i s  aga in  5 
.I opt imum.  S imi la r ly ,  F i g u r e  11 shows tha t  fo r  the  0. 141-m3 (5 - f t  ) tank f o r  
the 300-day mi s s ion ,  the  m i n i m u m  weight  o c c u r s  a t  a 2. 0% annulus  f o r  both 
the 325 x 2300 and 150 x 150 s c r e e n s .  
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F i g u r e r  8 through 11 w e r e  f o r  a 'TVS f lowrate cf 1% tank volume/minute;  
F igure  12 rhowr that  the minimum annulur i r  optimum f o r  a TVS f lowrate of 
0. 1% tank volume/minute f o r  the 500-ft3 tank f o r  300-day mi r r ion .  The 
r e r u l t r  fo r  low flow r a t e r  w e r e  the rune f o r  the r m a l l e r  tankr, and w e r e  
a l r o  the  c a r e  for  the LIIt  tankr (ref. 6). 
The outflow performance f o r  each tank and r c r e e n  a t  the minimum weight I 
I 
annulur gap fo r  the 300-day rn i r r ion  w a r  de termined as a function of I 
g- level  and shown in F igure  13. F o r  a l l  of the  tanks,  the 325 u 2300 s c r e e n  
had adequate performance a t  g-levels  up to g l r .  F o r  the  14. 16-m3 
(500-ft3) tank,  the  maximum g-level  a t  which the 150 -, 150 s c r e e n  gave ! 
adeqvate performance was  a b  2 .  5 x 10-3 g l r ,  *n:d f s r  the  1.4 16-m3 
(50-ft31 tank, about 7. 8 x 10-02i ' r .  
The  genera l  conclurione which can  be drawn a r e  r i m i l a r  t o  those drawn 
f o r  the  LHL tanke ( ref .  6);  the  325 x 2300 r c r e e n  gave cpt imum performance 
f o r  the  l a r g e r  tanks and g - l eve l r  - the 150 x 150 r c r e e n  would gave  optimum 
per fo rmance  for  the r m a l l e r  tanks o r  fo r  lower  g-levela. Again, fo r  all of 
the LOZ tanks,  the  pump power level8 w e r e  eo low that it  war  not c l e a r  that 
the  pump/motors  could b e  built o r  that  the  predicted eff iciencier  could be 
achieved. Th i s  quer t ion  war  explored fu r the r  in rubrequent s tudies 
d e r c  ribed below, 
Tug -Scale T r a n s f e r  S y r t e m  
The  phyrical  and operational charac te r i s t i c s  of the basel ine Tug-Scale 
Propuls ion  Module (TSPM) a r e  descr ibed in  ref. 10. The TSPM i s  a n  
accelera t ion-  eettled propellant t r a n r f e r  o r  ropulr ive r tage  which includer 9 a 70. 8 - m 3  (2500-ft3) LH2 tank, a 21.24-rn (750-ft3)  LO tank, .S r t r u c t u r a l  
rhroud,  tank wall-mounted heat  exchange? TVS and ~ ~ 1 t ~ u r ~ e  s y s t e m r ,  
propulsion module, p ressu r i za t ion  sys tem,  and suitable plumbing linee and 
o ther  hardware .  
Two m i r s i o n r  w e r e  rtudied: (1) 3-day r toraga  in  orbi t  a t  l e r r  than g 
followed by propellant  t r a n r f e r  a t  0.1% of tank volume/minute and; (2) 7 -  day 
r to rage  in rynchronous equatorial  orbi t ,  6-burn  Tug ni i r r ion  with acquisi t ion 
outflow a t  0.0670 of tank volume/second fo r  engine s t a r t .  The Tug m i r r i o n  
is shown in  Tab le  3 which indicate8 the  t imel ine  and propellant u r e  for  each 
m i r r i o n  phase. 
Tu -Scale Propu1rii .n Module; 3-Day T r a n r f e r  Mirr ion.  - F o r  the  TSPM, 
the  p r  ?g_r ncrpa weight penalt ier  w e r e  the  propulr ion module weight, the  rettling 
weight, and the  propellant  rer idual  weight. T h e  weightr for  
- 
t h r u r t e r  propellant consumption w e r e  bared  on accelera t ing  a total  m a r e  
of 32,800 kg (72,420 lb),  which included the  TSPM, the  total propellant 
weight of 22,300 kg (49, 160 lb) of LO2 and 4 ,600 kg (10, 140 lb)  of LH2, and 
the  Tug t o  which the propellant w a r  t o  be t r a n r f e r r e d .  The  s m a l l  g a r e o u r  
oxygen-hydrogen t h r u r t e r r  w e r e  a r r u m e d  t o  achieve a rpecific impulse  of 
350 recondr.  The t i m e  requi red  t o  empty the  tank ( the outflow capability) 
ir a function of the  applied g- level  o r ,  fo r  a given r y s t e m  weight, t he  t h r u r t  
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of the  settling engines. The residual  left in  the  tank result,? because of vapor 
pull-through near  the  end of the low-g draining, which is albo a function of 
applied g-level.  It was originally specified that the  LO2 tank was to  be  
spherics' . However, ref. 10 claimed that  using a c o d c a l  bottom in  the  LO2 
tank would s a v e  272 kg (600 lb) of LO2 res idual  a t  10- g. There fo re ,  in  
o u r  study, a conical-bottomed LO2 tank was assumed in  o r d e r  to  u s e  the 
data  on res idual  ve r sus  g-level provided by ref. 10. Howevcr, the TSPM 
was  penalized fo r  the additional LO2 tank weight incur red  by using a conical 
bottom. The  tanks w e r e  s ized bassd on high-strength aluminum alloy, 
22 19- 1 8 7 ,  using monocoque construction without reinforcement (except 
where  welding occurs ) ,  and designed with a factor  of 1.5 on the yield strength. 
T h e  TSPM tankage p a r a m e t e r s  a r e  shown in  Table  4. The additional weight 
penalty for  the  conical tank w a s  72.5 kg (160 lb)  (a spher ica l  LO2 tank would 
weigh 7 1.6 kg o r  158 lb). T h e  tank p r e s s u r e s  assumed  w e r e  17.25 N/crnZ 
(25 p s i a )  fo r  tt.e LH2 tank and 19.3 N/cm2 (28 ps ia)  for  the LO2 tank. The  
propellant charac te r i s t i c s  and proper t ies  are shown i n  Table  5. 
The TSPM tanks included a wall-mounted heat exchanger TVS which 
used boiling vented Hz to cool the  LH2 tank and then used the  vented Hz as 
superheated vapor to  cool the LO2 tank, keeping i t  vent-free.  In o r d e r  t o  
evaluate the  venting penalty, define the  TVS design, and optimize the MLI 
design, the heat leak to the tanks was  analyzed. This  heat  leak consisted of 
that  conducted through the tank supports  and that conducted through the 
plumbing l ines and supports.  It was  determined f r o m  ref. 10 that  the tank 
suppor ts  w e r e  made  cf S-glass-filamentr wound composite tubes,  assumed to 
be 1.27 - c m  (0.5 -inch) d iamete r  by 0.05-cm (0.02 -inch) wall fo r  the  LH2 
tank and 1.27-cm (0. 5.-inch) by 0. 1 - c m  (0.04-inch) wall for  the LO tank. 
A s  scaled  f r o m  the drawings in ref. 10, t h e r e  w e r e  24 supports  1. $2 m 
(48inch)  Long and 8 supports  0 .81 m (32 inch) Long f o r  the LH2 tank, 
and 24 suppor ts  1.07 m (42 inch) Long for  the LO2 tank. The total con- 
ductive heat leak down the suppor ts  (assuming the supports  a r e  insulated 
and that radiation down the tube in ter ior  is blocked) is shown in  Table  6. 
The  plumbing line lengths w e r e  a l so  scaled f r o m  these  drawings,  and the 
l ine s i z e s  w e r e  given in  ref. 10. It was  assumed that the l ines w e r e  thin- 
walled s t a in less - s t ee l  tubing and valved c lose  to  the tank, s o  that the  l ines 
are only full of vapor, and the conductivity along the en t i r e  l ine  and vapor 
Lengths and through the plumbing suppor ts  constitute the only heat  leakage. 
This  requires  that  these  l ines be insulated with foam, vacuum jackets, o r  
MLI to  prevent  radiation heat  leak to the cold port ions of the l ines nea r  
the  tank. Tne l ines  and the i r  heat  leak a r e  a l so  shown i n  Tzble 6. It was 
assumed  that the l ine supports  doubled the  conductive heat  leak along the 
line. 
The TVS wall-mounted heat  exchanger design mus t  be such that the  vented 
HZ i s  boiled in the  tubing on the Hz tank wall. To provide a t empera tu re  
gradient  for heat  t r ans fe r ,  and maximize tube spacing, the vented H is 2 < expanded to a lower p r e s s u r e  (-3.45 N l c m  ) and t empera tu re  (-17.2 K )  and 
boiled at essential ly constant p r e s s u r e  until  the vent fluid i s  heated back to  
nearly Z2'K. The  total  enthalpy change available is 5. 12 x lo5 joule/kg 
(220 Btu/lb);  however, because of the problem of insufficient t empera tu re  
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TABLE 6. - TSPM TANK HEAT LEAK 
gradient  near 22"K, and the problem of reduced heat  t rans fe r  following t ran-  
eition to m i s t  flow in the vent tube, only 85% of this enthalpy change i s  con- 
sidered available, o r  4. 35 x 105 joulelkg (187 Btullb). In the LO2 tank heat  
b exchanger, the H2 is assumed heated f rom 54. 5°K (98'R) (to avoid freezin 
of the LO2) to 96.6"K (174"R), o r  an enthalpy increase  of 4 .89 x 105 joule kg 
(21 0 Btullb). F o r  the LH2 tank, the maximum wall temperature  gradient  
7 
t could exceed 5°K. and for  the LO2 tank, the mean wall temperature  gradient  
could exceed 21 OK. Even in low gravity there  l a rge  temperature  gradients 
could s e t  up stable cold and warm stratified regionr leading eventually to boil- 
ing in the wa rm regions, unlerlr the propellants a r e  mixed. Therefore, i t  war  
asrumed that a mixe r  would have to be used to a r r u r e  that  the wall-mounted 
heat  exchanger performed properly. The c r i t e r i a  fo r  mixing to break up 
Q ~ u p p o r t  
(watt) 
0.0 173 
0.0086 
0. 1488 
0.0302 
0.0101 
0.2150 
0.0483 
0.0242 
0.0276 
0.0172 
0.0057 
0. 1230 
Tank Supports 
LH2 
L02 
Plumbing 
LH2 
Transfer  
Pressur izat ion 
Fil lIDrain 
Emergency Vent 
P u r g e a n d P r e a e .  
L02 
Transfer  
Pressur izat ion 
Fil lIDrain 
Emergency Vent 
PurgeIVent 
Mixer 
LH2 
L02 
%apor 
(watt) 
0.0006 
0.0001 
0.0094 
0.0018 
0.0002 
0.0121 
0.0010 
0.0003 
0.0012 
0.0007 
0.000 1 
0.0033 
Diameter 
(cm) 
1. 27 
1.27 
3.81 
1.90 
7. 62 
7. 62 
2.54 
3. 81 
1.90 
7.62 
7. 62 
2. 54 
2. 54 
2. 54 
Length 
(m) 
1.22, -81 
1.07 
'conduction 
(watt) 
0.0436 
0.0442 
I 
7.11 
7. 11 
1. 65 
8. 13 
8. 13 
2.03 
2.03 
7. 11 
11.43 
11.43 
- 
- 
0.0173 
0.0086 
0.1488 
0.0302 
0,0101 
0.2150 
0.0483 
0.0242 
0.0276 
0.0172 
0.0057 
0.1230 
(0 .1)  
(0. 1) 
existing strat if ied l a y e r s  have been wel l  established (refs. 11 and 12). but 
no c r i t e r i a  exist for  continuous mixing in low gravity of wall-bound t empera -  
t u r e  cells.  It i s  c l ea r ,  however, that t o  minimize effects of wall heat  
t r a n s f e r  (which requ i res  a l a r g e r  wall heat  exchanger)  and minimize boiloff 
due to m i x e r  input power, the  s i ze  of the m i x e r  should be minimized. 
Therefore.,  tkc? design approach was  to  provide the  smal les t  feas ib le  m i x e r  
(-0. 1 watt, 2 .  5 srn diamete r )  (ref .  13) and check the destrat if icat ion p e r -  
formance against  accepted c r i t e r i a  f r o m  refs .  11 and 12. 
F o r  a n  input power of 0. 1 watt,  the  fluid power is 0.00255 watt (a t  a n  
overa l l  efficiency of i;. 5570) and the mixer m u s t  only provide a velocity head 
(in low gravity)  of VjU/2g (where V. is the  m i x e r  exit velocity) and a volu- 
m e t r i c  flow of VjAj. Equating the head and flow to  the  fluid power gives 
V. - 0.53 m l s e c  (1.73 i t l s e c )  for  H2 and Vj = 0.21 m l s e c  (0.69 f t / s e c )  f o r  0 2 .  
~ k e  m i x e r  ( je t )  Reynolds number, Rej. for  these  velocit ies  is 81,000 for  H2 
and 35,000 fo r  02. 
F r o m  ref. 11, a c r i t e r ion  was  developed for  the c r i t i ca l  jet Reynolds 
number. The cr i t ica l  jet Reynolds number w a s  defined as the value where  
the  buoyant fo rce  becomes unimportant when compared to  the iner t ia l  forces.  
F o r  a Reynolds number g r e a t e r  than th is  c r i t i ca l  value, the  sys tem may  be 
assumed  to  m i x  completely and increas ing the jet Reynolds number fu r the r  
s imply d e c r e a s e s  the  mixing t ime  required.  Below th is  c r i t i ca l  Reynolds 
number,  the buoyant f o x e s  may be s t rong enough to  limit the degree  of 
mixing. 
The maximum value of this  c r i t i ca l  Reynolds number is given by 
Th is  c r i t e r ion  was  established by assuming that the  mixing jet mus t  p o s s e s s  
enough energy a t  the f r e e  su r face  t o  overcome the buoyant force ,  and move 
the  hot liquid a t  the surface  t o  the bottom of the  tank. Using th is  jet Reynolds 
number as the cr i t ica l  value, the  mixing jet should eas i ly  penetrate the  
strat if ied l ayer  where  the momentum due to  the  pump is always g r e a t e r  than 
the  f r e e  convection momentum, and the  liquid kinetic energy due to the pump 
is always g r e a t e r  than the  f r e e  convection kinetic energy. 
The values of Gr used for  our  c a s e s  was  based o n  the maximum t e m p e r a -  
t u r e  differences and the  tank dimensions. This  c r i t e r ion  gave a required  
Re. of 3800 for  H2 and 2100 for  0 2 ,  which are substantially below the  values 
of k e j  f o r  the minimum m i x e r  size.  Clearly,  even the  smal les t  available 
mixer  has  adequate power (used continuously) to  provide rufficient mixing 
and destrat if icat ion in g. 
The  mixing p a r a m e t e r s  w e r e  a l s o  checked against  the  dimensionless 
mixing t i m e  corre la t ions  (based on l a rge  tank t e s t  da ta)  of ref. 12. F o r  
the  LH2 tank, the time for the  0.1-watt  m i x e r  to reduce the  strat if icat ion 
to  570 of its initial value was  2.7 2 hours ,  and fo r  the  LO2 tank,  6.7 3 hourr .  
(The LO2 tank t ime  is probably conservative,  s ince  a conical tank should 
mix fas te r .  ) Both of these  t i m e s  a r e  s h o r t  re la t ive  t o  total mise ion time 
and, thus, continuous mixing can eas i ly  be accomplished using the  min imum 
s i z e  mixer .  
i .: With the total tank heat  l eak  defined a s  shown in Table 6, the tank insula- 
tion w a s  optimized and the vent  r a t e  defined. The insulation s y s t e m  consieted 
of  MLI applied to  both the  LH2 and LO2 tanks. The MLI was  assumed  t o  b e  
embossed,  perfora ted ,  aluminized Kapton f i lm. It wae assumed to  be applied 
in  a s e r i e s  of panels with 12 l a y e r s  each and with staggered s e a m s ,  and t o  
be  built  up a t  23 l a y e r s / c m .  MLI performance was  assumed  t o  be c h a r a c -  
t e r i zed  by effective conductivity, K = 8.65 x oule/m- s e c -  OK (5 x 10- 
Btulhr-ft-OR) fo r  the  LEI2 tank and K = 10.9 x 10-2 joulelm-see-OK (6.3  x 
1 0 - 5 ~ t u l h r - f t - ' R )  for  the  LO2 tank ( re f*  14). MLI densi ty w a s  assumed  
( fo r  2 .5 -cm th ickness)  to be 0.7 kg/m2 (0. 145 lb / f t2 )  (ref. 14). The  MLI 
was  assumed  supported on the  propellant tanks with hollow posts  molded 
f r o m  epoxy and f iberglass  and bonded to foam-filled phenolic honeycomb 
pads bonded to  the tank surface .  
In o r d e r  t o  purge the MLI effectively f r o m  the  back side ( for  loaded 
ascent ) ,  a 2 . 5 - c m  annulus was  assumed  to  be  provided between the propel-  
lant  tank and the insulation. An in ternal  purge manifold was  located in t h i s  
annulus, and it  distr ibuted purge  gas  a t  balanced p r e s s u r e  throughout the  
annulus, permit t ing even flow through the  MLI. The  MLI was  assumed  
spaced away f r o m  the  tank su r face  on an  aluminum w i r e  m e s h  supported 
by the  foam-honeycomb pads. The aluminum m e s h  w s assumed  t o  be of 1 20-mesh  0.009 wi re  weighing 0. 18 kg/m2 (0.03'7 l b l f t  ) with the  m e s h  
instal led in s t re tch-formed segments  with cutouts provided fo r  all MLI 
penetrat ions.  An ex te rna l  tension membrane  of Nomex m e s h  was  a s s u m e d  
to  be provided to  contain the MLI during purge and preconditioning operat ion,  
when backside p r e s s u r e  fo rces  a r e  being exer ted ,  and to  protec t  the  insula-  
t ion  su r face  f r o m  mechanica l  damage. The MLI thickness f o r  each tank and 
miss ion  was optimized based on minimizat ion of the insulation weight and 
boiloff weight, a s  descr ibed in  ref.  6. The  optimum MLI p a r a m e t e r s  a r e  
shown in  Table  7 .  T h e  optimum vent r a t e  for  the H2 tank, when used t o  
cool the  0 2  tank, gives the  minimum 0 2  MLI thickness,  a s  shown i n  the  table. 
With the  MLI heat  flux defined and by defining the  in ternal  heat  t r a n s f e r  
coefficients,  the  wall-mounted heat  exchanger des igns  for  the  H2 and 0 2  
tanks  can  be defined. The m e a n  velocity nea r  the  tank wall due  t o  the  m i x e r  
flow, based on flow a r e a  rat io,  was  0.00003 m / s e c  (0.0001 f t / sec )  fo r  the 
Hz, result ing in an internal  wall  hea t  t r ans fe r  coefficient of 0. 154 joulelm2- 
eec-OK (0.0272 Btu/hr-ft2-OR). F o r  the 0 2  tank the velocity a t  the wall was  
4 0.000012 m / s e c  (0.00004 f t / sec ) ,  and the corresponding heat  t r a n s f e r  coeffi- 
c ient  w a s  0.965 joule/m2-eec-  "K (0.017 B t u / h r - f t 2 - 0 ~ ) .  F r o m  ref .  10, the 
tube s i z e  f o r  the wall-mounted hea t  exchanger was  given a s  1 .27-cm (0 .5 -  
inch) d iameter ,  which, fo r  a single p a s s  and based on the  vent  flow rate0 
.r shown, gave tube-side hea t  t r ans f* r  coefficients as shown in  Table 8. The 
equations defining the  requi red  spacing fo r  the wall-mounted heat exchanger 
with in te rna l  heat  t r ans fe r ,  a r ranged  s o  that  the net heat  t r ans fe r  t o  the fluid 
is zero,  w e r e  developed i n  ref .  15. The equation f o r  the tube spacing. Do, is: 
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D 2 JK 
-t tanh N &D n Dtube h o = (6)  Q J A  
where  
Equations (6)  and (7)  are solved i terat ively to  find Do. The valuer of Do a r e  
shown in Table  8 together with the wall-mounted heat  exchanger weights. The 
heat  flux to the tank wall and the t empera tu re  gradients  in  the wall may caure  
boiling within the tank, depending on the point of incipient boiling, which is 
of the o r d e r  of O.005'K for H2 and 0.05.K for 02, However, o ther  a r e a r  of 
t h e  propellant will  be subcooled, and when mixed with the vapor bubbles, 
will  resul t  in  z e r o  net the rmal  inc rease  i n  the tank. 
An analysis  was performed to define the settling propellant weight penalty. 
F o r  the  3-day t r ans fe r  mission,  the propellant res idual  d e c r e a s e s  with 
increasing ACS-imposed g-level,  but the ACS propellant required inc rease r ,  
Thus,  t h e r e  is a point of minimum propellant penalty (including rer idual  plus 
ACS propellant) f o r  any given g-level.  F igure  14 shows the required propul- 
s ion module propellant and propellant residual  weight a s  a function of to ta l  
draining t ime  and g- level  for  the  TSPM, taken f r o m  data  in ref. 10. The 
s u m  of the propulsion module propellant and res idual  is shown in  F igure  14 
as the  s h o r t  curved l ines ,  with the  c i r c l e r  indicating the  minimum-weight 
t r a n s f e r  t ime  fo r  a given g-level.  The long dashed line i r  the  locus of 
minimum tota l  propellbat weight v e r s u s  t r a n s f e r  t ime  over  a g-level  range 
of 10-1 to 10-5. 
F o r  the  three-day miss ion  with outflow a t  0. 19'0 of tank volume/minute,  
the  required t r a n s f e r  t ime  is 1,000 minutes,  o r  16.67 hours ,  and the  min-  
inum propellant penalty, f r o m  F igure  14, is 435 kg (960 lb). F o r  the  th ree -  
day miss ion,  t r a n s f e r  i n  16.67 hours  will require  4. 8 x 10-5 g. T h e  
required  t h r u s t  is 
F = 4.8 x (9.8) [328C?) = 15.5 N (3.5 lb)  
and the t h r u s t e r  propellant consumption is 
The total propellant residual  is 163 kg (360 lb). 
In o r  d e r  to  provide balanced thrus t ,  the  u s e  of two 7.75-N (1.75- lb) 
th rus t  m o t o r r  i r  required. In o r d e r  to  obtain the  maximum performance 
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of 350 rec- lo  , O2/H2 propellantr were  a r rumed in ref. 10. Thir relection 
war based p r  l'mari ly  upon the high performance achievable and upon the 
ryr tem r in~pl ic i ty  and commonality which i r  a r e iu l t  of uring the rame 
propellantr a s  used for the pr imary  ryr temr  of the TSPM and the u r e r  
vehicle. 
Selection of the bareline derign for  the liquid/vapor iaterface control 
prupulrion rystem for logistic operationr required evaluation of reveral  
porrible derign optionr. The major  alternative8 conridered a r e  rummarized 
a r  followr: u r e r  vehicle o r  TSPM mounted t h ru r t e r r ,  exirting attitude pro-  
pulrion sys temr  (APS) o r  new propulsion ryr temr  rind t h ru r t e r r ,  ringle o r  
-multiple th rus te r r ,  and propellant relection among cold gar ,  r torable mono- 
propellant, r torable bipropellant, and 0 2  /Hz. 
The propellant t ransfer  p r ~ p u l r i o n  system operational requirementr 
developed in ref. 10 are:  
Continuour thrust  (hours) 17 
Derign life (mirs ions)  50 
Total life requirements (hours) 850 
Minimum acceleration (g) 4.8 x 
Thrust  Level (Newtons) total 15. 5 (3. 5 lb; 
At the present t ime, mos t  operational th rus ie rs  have a demonstrated firing 
life of l e s s  than one hour and in moot c a r e r  only a few minuter. Some 
exception8 exist such a r  a 16-hour demonrtration t e r t  conducted on a rmal l  
hydrazine monopropellant thruster  uring t e r t  facility tankage and plumbing. 
Other low thrust  (millipound level) systems have the potential of 
unlimited life, but in  the thrust  range under conrideration here ,  highly 
qualified rys temr  a r e  not yet available. Apollo NzO~IMMH and N204 /A- 50 
bipropellant re: :tion control systems have been run continuourly for up to 
six hours, and on a cumlilirtive life basis up to 12 hourr. The projected life 
capability of advanced 02/H2 systems has  been predicted to be about 1,000 
hours  bared on tes t s  conducted under NASA-LeRC Contract NAS3-14352. 
Since the TSPM returns  to ear th  with the Shuttle Orbiter  after  each in- 
orbit  t ransfer  operation, the opportunity exir t r  for frequent maintenance of 
any rystemr installed in the module assembly, if required. If the propulrion 
ryr tem used f o r  propellant t ranr fe r  operationr i r  placed on the u s e r  vehicler, 
the matntenance-free life requirement i r  extremely high, 
Bared upon the above requirementr,  i t  war concluded that inruffic ient 
extended life data exir t  on propulrion component8 to r i rk  inrtallation of the 
propulrion ryr temr  for liquidfvapor interface control on the u r e r  vehicles. 
It a180 follows that this propulrion system function should not be combined 
with the exirting u r e r  vehicles P P S  for the same rearon. 
The relected baseline configuration incorporr.ter separate  l inear accel-  
e ra t io r  of the u r e r  vehicle/TSPM for liquid/vapc: interface control, con- 
nected urer / logir t ic  module ullage for receiver  tank thermodynamic control, 
gar  pump in  the ullage re turn line for liquid expulrion, and turbopcmp heat- 
exchanger rupercri t ical  ry r tem for  NPSP control of both proyellanto and to 
feed the gareour oxygen-hydrogen acceleration th rur te r r .  
The s y s t e m  components required to  support  the fluid t r a n s f e r  operat ion 
a r e  incorporated into the  TSPM configuration. Concentration of th is  equip- 
ment in the TSPM eliminates the  payload penalty associa ted  with t ranspor t ing  
component weight on Tug payload placement miss ions ,  e l iminates  the need 
for in-space maintenance of components, and e l iminates  o r  min imizes  the  
configurational impact  upon the u s e r  vehicles. 
Details of the  s y s t e m  configuration and operation, t a ~ e n  f rom ref. 10, 
a r e  as  follo\vs. The propellants a r e  s to red  cryogenics (i. e. , LO2 and LH2) 
which a r e  isolated a t  low pressure .  F i g u r e  15 p resen t s  a schemat ic  o =  a 
typir.al sys tem.  The engines opera te  f r o m  two charged accumulator .  one 
of which s i o r e s  GH2, the  o ther  GO2. When the s y s t e m  i s  act ivated,  AH2 
and GO2 flow to  the engines and the g a s  genera to r s  where  they are ignited. 
T h e  gas  genera to r s  d r ive  the  turbopump and provide hea t  to vapor ize  the 
pumped cryogenics which a r e  s to red  in  the  accumulators .  The  s y s t e m  
"bootstraps" and is self-propagating. T h e  s y s t e m  shuts  down when the  g a s  
supply i s  shut off. 
Key numbers  1 through 4 of F i g u r e  15 rep resen t  the  fluid t r a n s f e r  
elements of the  TSPMIuser  vehicle interface. Key numbers  27 through 35 
represen t  the fluid e lements  required to in ter face  the tank with the Orbi ter .  
The Orbi ter  interface will  provide f o r  all  the "in the bay operations", includ- 
ing tk2 fill, vent, and d ra in  functions on the  ground, and the vent and e m e r -  
gency dump function for  boost  operations. 
After the TSPM has  been deployed, TSPM t o  u s e r  docking completed, 
the fluid interface connections verif ied,  and the  o r b i t e r  separa ted  f r o m  the  
TSPhl luse r ,  the fluid t r a n s f e r  cycle  is initiated. 
The propellant t r ans fe r  functions of the  basel ine configuration are a s  
f ~ l l o w s .  The two gas  genera tor  a s sembl ies  38 and valves 39 and 43 will  
be energized open, causing LO2 and LH2 to flow into the  g a s  genera to r  
driving the  LH2 and LO2 turbopumps 45 and 41. High p r e s s u r e  LO2 and 
LH2 f r o m  the turbopumps is  passed through the  heat  exchangers 40 and 44 to 
the accumulators  42 and 37. The p r e s s u r e  level  of the accumulators  is 
maintained in the operating band by cycling the turbopumps as required.  
After operational p r e s s u r e  level  i s  established in  the  accumulators ,  the  
propellant valves in the t h r u s t e r s  a r e  energized open and th rus t  is generated 
for u s e  in cross-plane  l inear  accelerat ion.  Recharging of the  accumulators  
will occur  while propellant is set t led such that liquid can  be del ivered t o  
turbopumps 41 and 45. Zero -g  s tar t ing  of the  thrust ing s y s t e m  can be 
accomplished by drawing gas  f rom the accumulators  which colr!d have been 
charged on the ground through ground fill valves 56 and 57. 
Propellant  tank NPSP is provided by routing p ressur i zed  oxygen and 
hydrogen gas  f rom the accumulators  t o  the  respect ive  tank p ressure -con t ro l  
valves 13 and 24. Three-way valves 8 and 21 a r e  positioned t o  interconnect 
the  ul lages of the  r ece ive r  and logistic tanks during the  initial NPSP p r e s ~ . l r i -  
zation cycle. After tank p r e s s u r e  levels  within the  NPSP requ i rements  of 
the r ece ive r  vehicle have been established, valves 8 and 2; a r e  repositioned 
to  route gas f r o m  the  rece ive r  through the  pump t o  the  logistic tanks. The  
pumps a r e  energized and the t r ans fe r  flow control  valves 6 and 15 are p s i -  
tioned fo r  chill-down flow ra tes .  Af t e r  chi l l  down is accomplished, valves 6 
and 15 a r e  positioned fo r  the design t r a n s f e r  flow ra tes .  Valves 6 and 15 a r e  

modulating valves and provide the f i ~ w  control  required  f o r  chill  down and 
10- to-1 throttling capability used during the final portion of the propellant 
t r ans fe r  cycle to improve the ta1.k feedout character is t ics .  
The  g a s  pumps and valve c l u s t e r s  a l s o  have the capability of r e v e r s e  
propellant flow fo r  detanking the u s e r  for  emergency o r  abnormal  conditions. 
At the  conclusion of the  t r a n s f e r  cycle, pumps 9 and 22 a r e  shut  down 
and valves 6 and 15 a r e  closed. The  independent operat ional  mode is 
established for  the  TSPM and u s e r  vehicle propellant sys tems.  The c r o s s -  
plane t h r u s t e r s  will  r emain  in operat ion until the  TSPM and u s e r  vehicle 
r each  the  c loses t  point with the  Orb i t e r  parking plane. At this  t ime  the 
l inear  accelera t ion t h r u s t e r s  will  b e  shut down and rendezvous operat ion 
with the Orb i t e r  will  b e  initiated. 
Some APS stationkeeping may be required during the  3-day coast ,  but 
the  requirement  for  having charged accumulators  ts boots t rap  fo r  thrusting 
and t r a n s f e r  may require  that a separa te  APS stationkeeping sys tem be used. 
Evaluation of sys tem integration is beyond the scope of th i s  analys is  - ra the r  
the  e n t i r e  propulsion module weight of 56.6 kg (125 lb),  as defined in  ref. 10, 
will be a s s e s s e d  only to the  TSPM system. The pressur iza t ion sys tem com-  
ponents descr ibed above w e r e  defined in ref.  10 and the i r  weights, plus the  
weight of the  required plumbing lines, of 24.8 kg (54.7 lb)  for  the p r e s s u r i z a -  
t i ~ n  sys tem and 91.5 kg (201.8 lb)  for  the  t r ans fe r l f i l l  sys tem,  a r e  common 
to both the TSPM and to the TVSIWSL. The  total  weight summary for  the 
TSPM is compared to the TVSIWSL sys tem described in a l a t e r  section. 
TVSIWSL System; 3-Day T r a n s f e r  Mission. - The TVSIWSL sys tem 
w a s  analyzed to  optimize the svs tem charac te r i s t i c s  f o r  the 3-dav (88.67 
hours  including t r ans fe r  t i m e )  c o s s t  miss ion with t r a n s f e r  at  0. 1?0 tank 
volume/minute. The tankage charac te r i s t i c s  a r e  shown i n  Table  9. 
2 The LH2 tank p r e s s u r e  was  again assumed a t  17.25 N l c m  (25 ps ia)  
and the LO2 p r e s s u r e  a t  19. 3 ~ / c m ~  (28 psia) ,  s o  the  s c r e e n  bubble points 
and flow charac te r i s t i c s  w e r e  modified to  these  conditions. Because the 
tankage is of aluminum, aluminum s c r e e n s  w e r e  used for  the WSL r a t h e r  
than 304 s ta in less  s tee l  sc reens .  
The finest m e s h  aluminum s c r e e n  that can be built is 200 x 1400 Dutch 
:will ( the reaeon for  th i s  is that aluminum w i r e  f iner  than about 0.004 c m  
(0.0016 inches)  in d iamete r  cannot be drawn). This  s c r e e n  was  selected 
because it has  the maximum performance and the  minimum annulus fr ict ion 
l o s s  charac te r i s t i c s  of any aluminum screen.  The s c r e e n  charac te r i s t i c s  
a r e  shown i n  Table 10. 
Previous  work has  indicated that at  these  low flow ra tes ,  breakdown will 
not occur  until  the tank is nearly empty (ve ry  smal l  puddle residual) ,  even 
for  ve ry  smal l  annulus gaps. It w a s  originally thought that the  minimum 
annulus gap would be of the  o r d e r  of 0.74 c m  (0.29 inch) equivalent gap. 
Reevaluation of the possible installation methods indicated that s m a l l e r  
equivalent annulus gaps might be possible. Thus, equivalent gaps of 0.  74, 
0. 5, and 0.25 c m  (0.29, 0 .2  and 0. 1 -inch) w e r e  parametr ica l ly  studied. 
T h e  outflow safety factor  ( ra t io  of s c r e e n  bubble point to  maximum outflow 
TABLE 9. - TVS/WSL TANKAGE CHARACTERIS I'ICS 
TABLE 10. -SCREEN CHARACTERISTICS 
Mesh - 200 x 1400 
Wire Diameter  - S h u t e l w a r p  - (0.0016/0.0028) 
Weight (Aluminum) - 0.259 kg/m2 (5.3 lb/100ft2) 
OutCow 
Baffle 
Manhole 
Diam-ter 
m 
(ft) 
0 . 9 1  
( 3 )  
0.9 1 
( 3  
Per fo rmance  H2 O2 
Bubble Point - c m  (ft) 45(1.477) 20.2(0.663) 
Flow-Through Coefficients 
Propellant  
LH2 
L02 
Roughness Dimension - c m  (in. ) 0.00203(0.0008) 0.00203(0.0008) 
Tank Wall 
Area  
m2 
( ft2) 
89.6 
(965) 
36.9 
(397) 
p r e s s u r e  l o s s )  for  a puddle res idual  of about 0.014 m 3  (0. 5 f t3)  is very  
insensi t ive to annulus gap, as shown i n  F igure  16. There fo re ,  outflow is 
not the  controlling operating condition, which is, ra the r ,  the TVS flow. 
The TVS flow r a t e  m u s t  be defined ch that adequate flow i s  circulated in 
the  annulus t o  prevent  boiling. Th i s  r equ i res  considerat ion of gap s i z e  
and pumping power, a s  well as annulus flow reduction due to  flow leakage L 
through the s c r e e n  f r o m  the annulus. j 
Equivalent 
17'0 Annulus 
Cap 
cm( in. ) 
0.79 
(0.3 1) 
0. 58 
(0.23) 
Vol m e  
'3 m 
(ft3) 
70.8  
(2, 500) 
21.24 
(750) 
The genera l  c r i t e r i a  a r e  that for  the LH2 tank with low-density propellant,  
the  minimum gap can  be somewhat compromised to  reduce TVS pumping 
power, which resu l t s  i n  d i rec t  vent loss  and weight penalty. In the  LO2 tank, 
* I 
on the  o ther  hand, because of the  high-density propellant,  the  absolute mini-  
m u m  annulus gap and res idual  mus t  be  retained, even at the  cos t  of ex t ra  
pumping power, which incurs  no boiloff penalty i n  the LO2 tank (assuming 
the  H2 vent r a t e  can  handle the  0 2  pump heat  load). 
LID 
2 
1 
Diameter  
m 
(f t)  
3.78 
(12.4) 
3.44 
(11. 3) 
CRW 
FWn 16. Outflow Woty  Famr vr Astulua Gap 
An analysis  was pe r fo rmed  to determine the  required  minimum flow 
necessa ry  to remove the  radiant  heat  flux without boiling. T h e  heat flux 
is low enough to  be  i n  the free convection range a t  g, and it is 
essent ia l  that  the TVS flow against  the  gravitat ional  buoyancy f o r c e  not 
be  s o  low that  the  flow stagnates.  Sparrow and Gregg (ref. 16) have p e r -  
formed a n  analys is  which considers  the  effects of buoyancy on forced con- 
vection flow and heat  t ransfer .  They found that  the  overa l l  heat t r a n s f e r  
c a n  be  found f r o m  the  forced convection heat t r a n s f e r  within 570 (i. e . ,  the 
buoyancy effects a r e  l e s s  than 5% of the total)  if: 
T h e  charac te r i s t i c  dimension, X,  in  the Grashof (Gr )  and Reynolds (Re) 
numbers  w a s  chosen both to maximize  the required  flow r a t e  f o r  conserva-  
t i s m  and to  be  representa t ive  of the ve r t i ca l  region of reduced flow. F o r  
the  LHz tank, 6. 1 m (20 f t )  was  used (which included the  cylindrical  length) 
while f o r  the  LO2 tank, 1.22 m (4 ft) was  used a s  the dimension charac te r -  
i s t i c  of t k  reduced flow regime.  The required  flow r a t e  f rac t ion v e r s u s  
annulus gap is shown in F igure  17 fo r  0 2  and Hz TVS flow rates of 0.1% tank 
volurr.e/minute to 170 tank volume/minute. Also shown in F igure  17 a r e  the 
minimum flow r a t e  f rac t ions  achieved, as comp-~ ted  by the annulr~s leakage 
flow computer  code descr ibed in  Appendix B. The c i r c l e s  indicate the gap 
where  the required  flow rate is achieved. Because  of the f latness of the 
flow r a t e  curve,  reducing the nominal Hz TVS f lowrate f r o m  l Y .  to O.170/ 
minute reduces the pump boiloff by about 6 .3  kg, but i n c r e a s e s  gap residual  
by only about 5 kg. Since the Hz sys tem i s  r a t h e r  insensi t ive to gap s i ze ,  
the  lower flow rate w a s  chosen to reduce  pump boiloff, pump size,  and 
power requirements ,  etc. , while s t i l l  retaining a n  achievable and smal l  
annulus gap. Therefore ,  a Hz TVS flowrate of 0. 170 tank volume/minute 
w a s  selected,  together with a n  equivalent annulus gap of 0. 363 c m  (0. 143- 
inch), which can be achieved by stretching the s c r e e n  panels between 
0.08 c m  (0.032 inch) high supports  spaced a maximum of just under  30 c m  
a p a r t  for  a total of 40  channel passes .  F o r  the 0 2  tank, on the  o ther  hand, 
reducing the TVS flow f rom 1% t o  0.170 i n c r e a s e s  the annulus residual  by 
o v e r  68 kg (150 lb). F o r  this  reason,  the  absolute minimum equivalent 
gap of 0.25 c m  (0.1 inch) was  chosen, which requ i res  a TVS flow of 1% tank 
volume/minute ( s e e  F igure  17). T h i s  gap can be achieved by using 46 
channel passes ,  giving a s c r e e n  panel width of a l i t t le  over  23 cm. As shown 
i n  the figure, the minimum flow fract ion i s  0.038 for  the  Hz tank and 0.005 for  
the  0 2  tank. T h i s  means  that  nearly a l l  of the TVS flow leaves  the s c r e e n  
annulus and c i rcula tes  through the tank before reenter ing the  sc reen ,  as 
shown ideally in F igure  18. This  has  a number of interest ing sys tem aspects ,  
as follows: 
A. The  g rea t  bulk of the propellant i s  continuously mixed in the  tank, 
tending t o  el iminate hot and cold spots .  
B. Outflow during TVS flow is eas i ly  accommodated,  s ince  a smal l  
amount of e x t r a  propellant will  en te r  the bottom of the  s c r e e n  fo r  
removal  and outflow f r o m  the standpipe. 
C. T h e  p ressuran t  bubble ( i f  p ressur ized)  o r  vapor bubble will  tend to 
stay nea r  the standpipe s ince  the  fluid will tend to  flow f r o m  the 
top to  the  bottom as shown in F igure  18. 
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F b n  18. ldrl lrrd Liquid Flow Fie# in Tmk 
u 
1). T h e  pump head r equ i r emen t s  cons is t  only of the  f r i c t i ona l  l o s s  
along the  s tandpipe,  f r ic t iona l  l o s s  along the  baffle annulus,  and 
in tegra ted  annulus f r i c t i on  lo s s .  T h e  dynamic  head v a r i e s  a round 
the a n n ~ ~ l t ~ s ,  b ~ t  i s  not los t  in  the  closed flow path (and thus  does  
not ha\  e t o  be m a d e  up by the  pump). T h e  e n t i r e  bulk of liquid in 
t h e  t ank  wil l  be a c c e l e r a t e d  f r o m  r e s t  u p  to  the s t eady- s t a t e  veloci ty  
field w h e r e  the  \ f o l \ ~ m e t r i c  flow r a t e  and p r e s e u r e  l o s s  m a t c h  the 
pump capabili ty.  
E. T h e r e  i s  no overwhelming  r e a s o n  to have  the  pump flow in e i t h e r  
d i rec t ion .  T h e  pump flow d i r ec t ion  w a s  se l ec t ed  a s  up  the  s tand-  
pipe only r)u that t h e  flow goes  f r o m  the  pump to  the  cooling co i l s ,  
with the pump m o t o r  potentially instal led in  the  bot tom baffle. 
T h i s  i s  s o  that  i n  c a s e  of pump ef f ic iency  uncer ta in ty ,  t he  flow can  
tend t o  be cooled down along t h e  s tandpipe ( in  c a s e  of inadequate  
TVS cooling) before  en ter ing  the annulus.  
T h e  T\'S milst  r e m a i n  opera t ing  dur ing  outflow because  of t he  ve ry  long 
t ~ ~ t f l o w  t i m e  (16. 67 h o u r s ) ,  and the  des ign  TVS flow r a t e s  m u s t  b e  achieved 
during outflow when the outflow r a t e  of 0. 1% tank volume/minute  i s  ex t r ac t ed  
iron1 the  s tandpipe.  T h e r e f o r e ,  dur ing  coas t  the  T V S  flow r a t e  m u s t  b e  
0. 24;) tank \ . o l u m e / m i n \ ~ t e  fo r  the  HZ tank,  and 1. 1% vo lume /minu te  for  the  
0 2  tank,  which wil l  give conserva t ive  pe r fo rmance .  During outflow the  T V S  
pump wil l  pump 0. 1% vo lume /minu te  o r  17'0 volume/minute  ( f o r  Hz o r  02) 
out  t he  top of the  s tandpipe and  0.2% volume/minute  o r  1. 170 volume/minute  
( f o r  Hz o r  02) into the bot tom of t he  s tandpipe.  T h e  flow d is t r ibu t ion  i n  the  
des ign  annulus dur ing  coas t  and outflow with the  TVS opera t ing  i s  shown in  
F i g u r e  19 f o r  the  O2 and Hz tanks.  
With the  TVS f lowra te ,  d i rec t ion ,  equivalent annulus  g a p  and g a p  flow 
l o s s e s  def ined,  the s tandpipe w a s  then  opt imized fo r  m i n i m u m  weight. In 
t he  Hz tank,  the s tandpipe s i z e  is opt imized by minimiz ing  the  s u m  of t he  
s tandpipe weight ,  s tandpipe r e s idua l  weight,  and boiloff weight due  t o  pump 
power  input,  a s  desc r ibed  previous ly  in  re f .  6.  Howel.er,  i n  the 0 2  t ank  
boiloff does  not o c c u r ,  s ince  the  HZ vent g a s  is used  to  cool  the 0 2  tank and  
keep i t  vent - f ree .  Instead,  reducing the  s tandpipe s i z e  and r e s idua l  i n c r e a s e s  
t h e  0 2  pump power  and 0 2  tank h e a t  load, which fo r  a given Hz vent  r a t e ,  
r e d u c e s  the  al lowable hea t  flow through the  0 2  MLI, which in  t u r n  i n c r e a s e s  
t h e  r equ i r ed  0 2  MLI t h i ckness  and weight. C lea r ly  a new op t imum 01 s t and -  
pipe s i z e  can  be found which m i n i m i z e s  t he  s u m  of s tandpipe weight,  s tand-  
pipe r e s idua l  weight,  and MLI  weight. T h e  0 2  pump power  and 0 2  t ank  hea t  
load due to  p r e s s u r e  l o s s  a round t h e  annulus w a s  not d i r ec t ly  dependent on 
the  s tandpipe d i a m e t e r ,  did not e n t e r  t h i s  opt imizat ion,  and  wil l  be accounted 
f o r  l a t e r  in  t he  ana lys is .  S imi l a r ly  t h e  p u m p / m o t o r  weight w a s  a v e r y  s m a l l  
value,  s o  that  it too was  ignored  in  t h e  opt imizat ion,  and  wi l l  be accounted 
f o r  l a t e r .  
T h e  0 2  standpipe opt imizat ion ana lys i s  is developrd  in  Appendix C. 
Equation (C-15) resu l ted  f r o m  t h i s  ana lys i s ;  i t  w a s  solved by i t e r a t ion  to  
find s tandpipe d i a m e t e r ,  LIE, a s  a function of overa!l pump eff ic iency,  q ,  
with the  o the r  p a r a m e t e r s  known and input. T h e  va lues  a r e  shown in  
F i g u r e  20 f o r  HZ f r o m  the opt imizat ion f r o m  ref .  6 and f o r  0 2  f r o m  
equat ion (C-15) a s  the r a t h e r  f la t  l ines .  Cross-p lo t ted  in  F i g u r e  20 are the 
funct ions f o r  to ta l  pump s i z e  and eff ic iency v e r r u s  s tandpipe d i a m e t e r  f o r  
Figun 19. TVSMlSL Annulu, Flow Oimibutkn 
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the  total  pump power (including standpipe head l o s r ,  annulus heat  l o r r ,  etc. ) 
I as defined by the analysis  of ref.  6. The c i rc les  indicate the optimum rtand- 
I pipe size,  which i s  0.051 m (2 inch) for  H2 and 0.047 m (1 .84 inch) for  02. 
I 
I 
I 
I With these  values of standpipe d iameter ,  the TVS pump p a r u n e t e r s ,  s y r t e m  
residuals ,  and ha rdware  weights w e r e  found, using the pump analysis  of 
ref.  6. The sys tem p a r a m e t e r s  are summar ized  in Table 11. 
. 
It can  be seen that the pump d iamete r s  a r e  compatible with standpipe 
~ i z e ,  making installation deeign straightforward,  and the  pump operating 
p a r a m e t e r s  of rprn, head, efficiency etc. a r e  reasonable. The 0 2  pump 
power input r zqu i res  that  the 0 2  tank have 0.915 c m  (0.36 inch) of MLI 
weighing 9 .4  kg (20.7 lb)  to  insure  that  the Hz vent flow i s  adequate to cool 
the  0 2  tank and keep i t  vent-free, 
TABLE 11. - DESIGN TVS/WSL SYSTEM AND MIXER CHARACTERISTIC% 
3-DAY MISSION 
i 
I 
TVS Pump Head - c m  (ft) 
Annulus l o s s  
Baffle loss  
Standpipe lo s e 
Pump flowrate - rn3 /min(ft3 /min) 
Pump efficiency (%) 
Pump input power (watts) 
Pump boiloff - kg (lb) 
External  boiloff - kg (lb) 
Pump speed ( r p m )  
Pump d iamete r  - c m  (ft) 
Pump weight - kg (lb) 
Motor weight - kg (lb) 
Optimum Standpipe Diameter  - c m  (ft) 
Standpipe res idual  - kg (lb) 
Annulus Gap (Equivalent) - c m  (in. ) 
Annulur res idual  - kg (lb) 
*Puddle rer idual  - kg (lb)  
Standpipe Weight - kg (lb)  
Sc reen  Weight - kg (lb) 
* 
H2 
12. 516 
(0.41063) 
(0.009744) 
(0.0 14) 
(0.38688) 
0. 1416(5) 
11.4 
1.737 
l .28(2.  82) 
64.4(141.9) 
13 42 
6,04(0. 198) 
0.34(0.96) 
0.03(0.07) 
5.06(0. 166) 
l .0(2 .3)  
0.363(0.143) 
22,3(49. 1) 
1.0(2.2)  
3.0(6. 7) 
23.3(51.3) 
O 2  
35. 5037 
(1. 16482) 
(0.0498) 
(0. 122 15) 
(0.99287) 
0.2336(8.25) 
50. 5 
29.66 
- - 
- - 
2284 
5,97(0. 196) 
0. 34(0.75) 
0.35(0. 77) 
4.66(0. 153) 
6. 5( 14.3) 
0.254(0.100) 
105.6(232.9) 
17.8(89.3) 
1. 3(2. 8) 
9.6(2 1.2) 
T h e  r c r e e n  l i n e r  pane l r  a r e  a s s u m e d  t o  be mechanica l ly  fastened t o  
svppor t  angles  which a r e  i n  t u r n  spot-welded t o  t h e  p r e s s u r e  v e s s e l ,  as 
shown i n  F i g l ~ r e  21. 
T h e  weight  of t he  s c r e e n  l i n e r  suppor t s  w a s  found by a s s u m i n g  
1 . 9  x 0.63  x 0 . 0 8  c m  (0 .75  x 0.25 x 0.032 inch)  ang le s  a s  the suppor t  
m e m b e r s ,  spaced  a t  t h e  previous ly  mentioned channel  widths,  and with 
s c r e e n  panels  1.22 m (4 f t )  long. T h e  combined  weight of the suppor t s  and  
f a s t e n e r s  i s  m o r e  than 3- 112 t i m e s  the  weight of the  bas ic  s c r e e n .  
Cooled-Shield T V S I P a r t i a l  S c r e e n  L i n e r  Sys t em;  3-Day T r a n s f e r  
Miss ion .  - When the TVSiWSL s v s t e m  weight a n a l v s i s  w a s  c o m ~ i e t e d .  
- 
i t  w a n ~ u n d  tha t  propel lan t  r e s i&a l  and t h i  WSL i e i g h t  r e p r e s i n t e d  A a j o r  
weight pena l t ies  f o r  the TVSIWSL which could perhapa be  =educed by 
cons ider ing  a p a r t i a l  WSL. It w a s  f u r t h e r  noted tha t  the  TVS flow w a s  t!ie 
control l ing f ac to r  on  the  derrign of the  WSL, t h e r e f o r e  c l e a r l y  t he  m i n i m u m  
p a r t i a l  s c r e e n  l i n e r  would be des igned  only f o r  outflow, with the  TVS flow 
r e q u i r e m e n t s  el iminated.  Use  of a cooled shield TVS would e l imina te  TVS 
flow requ i r emen t s  and r e su l t  i n  m i n i m u m  flow p a s s a g e s ;  t h i s  s y s t e m  was ,  
t h e r e f o r e ,  analyzed f i r s t .  Initially i t  was  a s s u m e d  that the  number  of p a s s e s  
(channels )  remained  the  s a m e  '40 for  the  LH2 tank and 4 t  f o r  the  LC2 tanic), 
s ince  tha t  had given reasonable  spacing and panel s ize .  T h e  safe ty  f ac to r  
f o r  outflow was  pa rame t r i ca l ly  analyzed v e r s u s  r e s idua l  f o r  flow channels  
116, 118, and 1 /10  of the full  WSL panel width, and  a t  annulus gaps  of 0. 25, 
0 .  38, and 0 . 5  c m  (0. 1, 0. 15, and  0 . 2  inch)  for  t he  LO2 tank ,  and 0. 36, 
0. 54, and  0 .73  c m  (0. 143, 0.215, and 0.286 inch)  f o r  the  LH2 tanrc. T h e  
s u m  of puddle and channel  r e s idua l  f o r  a sa fe ty  f a c t o r  of 2 during outflow 
a t  0. 1% tank volume/minute  was  plotted v e r s u s  channel  width and gap ,  a s  
shown in  F i g u r e s  22 and 23. T h e  m i n i m u m  res idua l  o c c u r s  a t  about 118 
channel  width f o r  both the LH2 and LO2 t anks ,  resu l t ing  in  a channel  which 
r a n g e s  f r o m  about  0 .63  to  2. 5 c m  (0.25 t o  1 .0  inch)  wide. Again, the  chan-  
nel  height (gap)  for  m i n i m u m  res idua l  i s  0. 25 c m  (0. 1 inch)  fo r  LO2, but 
t he  opt imum gap  f o r  the  LH2 channel  i s  0.54 c m  (G.  2 15 inch).  
T h e  cooled-shield design p a r a m e t e r s  w e r e  evaluated.  It was  a s s t i n e d  
tha t  the  sh i e lds  w e r e  m a d e  of 1100 a luminum foil, to a min imum of 0. 0127 C-I  
(0.005 inch)  thick,  to which w e r e  bonded 1100 a luminum tubes ,  a m i n i m u m  
of 0 .318  c m  dia  x 0.038 c m  (0. 125 inch  dia  x 0 .015  inch )  wall .  Type 1100 
a luminum has  a conductivity of 260 jou le /m-sec -  "K (150 Btu/hr-f t - 'R)  a t  
17.2"K (31°R) ,  and 306 joulelm-sec-OK (177 B t u / h r - f t O 0 R )  a t  75°K (135'R).  
I t  w a s  a s s u m e d  tha t  the vented H2 w a s  expanded to 3 .45  ~ / c m 2  ( 5  p s i )  (17.Z°K) 
and b.3iled a t  e s sen t i a l l y  cons tan t  p r e s s u r e  i n  the Hz shield.  
T h e  Hz vent  g a s  w a s  a s s u m e d  to be superhea ted  a t  e s sen t i a l l y  constant  
p r e s s u r e  f r o m  54. 5'K (98'R) to  96.6'K ( l74 'R) in the  3 2  shield.  T h e  MLI 
o n  t h e  H2 tank  had been previous ly  opt imized f o r  t he  3-day m i s s i o n  a t  2.08 c m  
(0.82 inch)  thick,  with a H2 vent  r a t e  of 0.725 k / h r  (1. 6 lb l 'h r ) ,  and a n  9 MLI  heat  flux of 0. 97 w a t t l m 2  (0. 3075 B t u l h r - f t  ). T h i s  re la t ive ly  high 
hea t  flux cou.ld only be abso rbed  by using r a t h e r  c l o s e  spacing of the  cooling 
tubes  on  t h e  0.0127 c m  thick shield ( 13. 2 c m  (5 .2  inch)  a p a r t  with 90 
p a s s e a ) .  T h i s  w a s  a r r a n g e d  with 10 a r a l l e l  flow p a s s a g e s  s o  tha t  t he  shield 5 presc:lre d r o p  w a s  about 0.103 N l c m  (0. i 5  p s i ) .  T h e  0 2  shield r equ i r ed  
50 p a s s e s  (a t  about 21.6 c m  (8. 5 i nch )  a p a r t )  and because  of the v e r y  lcw 
den r i ty  of the  superheated Hz, the  tubing d i a m e t e r  hod t o  be  0.478 c m  
(0.188 inch)  ( compared  t o  0. 318 c m  (0 ,  125 inch)  d i a m e t e r  fo r  t he  !i2 shield 
tubing)  t o  l imi t  t h e  0 2  shield p r e r s u r e  d r o p  to 0.234 ~ l c r n ~  (0. 34 ps i ) .  
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The  c lose  spacing of the  tubing in the shields was  a consequer.ce of the  
relat ively high heat  flux through MLI, and the  need to  u s e  the  thinnest pos-  
s ible shield to reduc- weight. Fabricat ing such a shield f o r  these  l a r g e  
tanks would be a significant technical challenge, although MDAC has  fabr i -  
cated s m a l l e r  shields,  as shown in  ref. 8. As a l s o  mentioned in  ref. 8, 
u s e  of the shield (perforated a s  is the MLI) to  provide MLI support and a 
MLI purge annulus, eliminated the  need for  the aluminum m e s h  support ,  and 
saved o v e r  22.8 kg (50 lb). 
Weight Comparison and Other System Considerat ions;  3 -Day T r a n s f e r  
Mission. - The final weight summary  shown in Table  12 indicates that the 
cooled shield TVSIpart ial  s c r e e n  l ine r  i s  23'10 lower in  weight than the TSPM 
and 1 170 lower than-the TVSIWSL. 
It is c l e a r  that the re  is no advantage in  using a full WSL with a cooled 
shield TVS, s ince  the  full weight penalt ies  of res idual  and cooled shield 
would be suffered. However, it is possible that a pumped TVS might b e  
usable in  conjunction with a par t ia l  WSL. In o r d e r  for  th is  approach to  be 
feasible, the  TVS mus t  be able t o  cool the tank wall not covered by the par t ia l  
WSL, and fur ther ,  in  o r d e r  for  th i s  approach t o  be advantageous, i t  should 
show a weight advantage relat ive t o  the  cooled shield sys tem.  The additional 
residual  tha t  could b e  accommodated (and s t i l l  allow the p ~ m p e d  TVS to show 
a weight advantage) was  about 34.4 kg (76 lb) ( the difference between the 
cooled shield TVS sys tem weight and the pumped TVS s y s t e m  weight). Th i s  
indicated that the pumped TVS channel could be about 1 . 8  t i m e s  a s  l a rge  as 
the  channel in  the cooled shield TVS sys tem.  This  in t u r n  indicated that the 
channel spacing, Do, for  40 channels in the LH2 tank would be 25.4 c m  
(10 inch) and fo r  the 46 channels i n  the LO2 tank, 18. 5 c m  (7.3 inches). 
Using the tank wall thickness and proper t ies ,  and the shield equation 
the  required AT t o  t r a n s f e r  the incident heat  flux, q,  could be  found, which 
was  up to 1.67'K (3. O'R) for  the LHz tank a t  the  tank midriff ,  and up to  
17.2'K (31°R) a t  the tank midriff fo r  the LO2 tank. T o  prevent  boiling in 
the  tank, the fluid circulated by the TVS would have to  be subcooled by the 
above t empera tu re  differences,  which could not conceivably be done in the 
tank. Clearly,  vented fluid could be expanded in a cooled shield, and 
t empera tu re  gradients  like those above could be obtained in  the  isolated 
shield; however, subcooling t empera tu re  gradients  like those mentioned 
could not be obtained with the channels in  contact with the  bulk fluid. Even 
using high conductivity tank mate r i a l  for  the LO2 tank required  9. S°K (17'R) 
subcooling, while costing over  56.6'kg (125 lb) in tank weight (due to  reduced 
strength of the higher conductivity tank mate r i a l ) .  
In o r d e r  to l imi t  the  required  t empera tu re  gradient  in the LO2 tank t o  
0.061'K (0. 1l'R) (the incipient boiling point) the channel spacing for  46 
channels would have to be only 0.02 c m  (0. 008 inch). Th i s  would save  l e s s  
TABLE 12. - COMPARISON O F  TSPM AND TvSIWSL WEIGHTS (KG) 
FOR 3-DAY MISSiGN 
A. Tankage 
O2 
B. P ressur iza t ion  System 
C. Insulation 
H2 MLI 
O2 MLI 
Purge  sys tem 
Components 
He bott le  
He 
Mesh 
D. TVS 
O2 
Cooled Shield TVS 
Partial Screen  Liner  
248.6 
71. 7 
24.8 
52.0 
8 . 6  
5.4 
47.6  
6.0 
0 
42. 5 
18. 7 
TSPM 
248.6 
144.2 
24.8 
52.0 
11.4 
TVS/WSL 
248.6 
71. 7 
24.8 
52.0 
9 . 4  
2.3 
123.3 
0 
44.2 
64.4 
0 
91. 5 
17. 7 
0 
869.3 
(19 16.4) 
2.3 
153.2 
0 
154.3 
65. 6 
I 
0 
91. 5 
17.7 
4 . 3  
979.2 
(2 158.9 
Components 1 7 . 3  
I 
i 
5.4 1 5.4 
E. W S L  and supports  
F. Propulsion module 
G. Propellant res idual  
H. Propellant  boiloff 
I. Propulsive propellant 
J. Hardware 
Trans fe r  and f i l l  sys tems  
Baffle rr 
Standpipes 
TOTAL 
(lb) 
47.6 
6.0 ' 
25.0 
4 .7  
1. 1 
! 
0 
56.7 
163.3 
64.4 
272.2 
91 .5  
0 
0 
3226.2 
(2703.3) 
47. 6 
6.0 
22.9 
0.8 
1. 1 
than  0.23 kg of LO2 re s idua l  compared  t o  a full  WSL, but would incu r  addi -  
t ional  weight of s c r e e n  suppor t s  t o  obtain t h i s  gap. T h e r e f o r e ,  u s e  of a 
pa r t i a l  s c r e e n  l i n e r  in conjunction with a pumped TVS w a s  s imp ly  not 
prac t ica l .  
Tug-Scale  Propuls ion  -. Module; 7-Day R e s t a r t  Mission.  - F o r  the  7 - d a y  
r e s t a r t  mi s s ion ,  the TSPM w a s  a s s u m e d  to0be a Tun vehic:e ini t ia l lv  weieh-  
- u 
ing 29, 400 kg (65, 000 lb). Typically,  engine s t a r t  p ropel lan ts  a r e  provided 
by tank p re s su r i za t ion ,  providing the  propel lan ts  a r e  set t led by using the 
aux i l i a ry  propuls ion  s y s t e m .  It w a s  a s s u m e d  tha t  t h s  technique w a s  used 
f o r  t h i s  miss ion ,  and the n e c e s s a r y  se t t l ing  propel lan ts  fo r  s i x  r e s t a r t s  w a s  
d e t e r m i ~ e d .  
MDAC h a s  developed a comple te  a n a l y s i s  of propel lan t  set t l ing ( re f .  17) 
which h a s  been  c o r r e l a t e d  with expe r imen t  and which accounts  fo r  liquid 
fall: liquid tu-bulence d iss ipa t ion ;  bubble format ion ,  r i s e ,  and d isp lacement ;  
and l a m i n a r - w a v e  ene rgy  d iss ipa t ion ;  The  equat ions have  been p rog rammed  
in  a compute r  code,  H470, which w a s  used t o  p red ic t  the  se t t l ing  t i m e  and 
set t l ing propel lan t  weight f o r  e a c h  of the  s ix  b u r n s  of t he  7 -day  mis s ion .  
Minimum se t t l ing  propel lan t  penalty o c c u r s  with m i n i m u m  set t l ing a c c l e r a -  
t ion, so  fo r  t h i s  study, a m i n i m u m  set t l ing t h r u s t  of 15.5 N (3. 5 lb)  ( t he  
s a m e  a s  f o r  t h e  3-day m i s s i o n  TSPM) w a s  a r b i t r a r i l y  selected.  The m a x i -  
m u m  set t l ing t i m e  o c c u r s  f o r  se t t l ing  of t he  LH2 tank,  s ince  i t  is twice  a s  
long as the  LO2 tank. 
The  s t a r t - u p  c h a r a c t e r i s t i c s  of t he  RL-10 de r iva t ive  engine a r e  shown 
i n  F i g u r e  24, and a r e  a s  follows: 2224 N (500 Ib) t h r u s t  i s  reached  0 . 2  s e c -  
ond a f t e r  r e s t a r t  arid is maintained f o r  about  1. 8 seconds ,  a f t e r  which the 
th rus t  c l imbs  rapidly,  reaching  90% of the  r a t ed  66, 720 N (15,000 lb) t h r u s t  
about  2. 1 s econds  a f t e r  ini t ia t ion of r e s t a r t .  During th i s  t ime,  the LH2 
r e s t a r t  flow r a t e  is 2. 12 k g l s e c  (4.666 l b l s e c )  (equivalent  to  0.0437Y0 tank 
v o l / s e c )  and the  LO2 flow r a t e  is 12. 7 k g l s c c  ( 2 8  l b l s e c )  (0.0541Yo tank vo l /  
sec) .  T h e s e  va lues  w e r e  used in  the ana lys i s .  
T h e  propel lan t  loading f o r  t he  TSP1.1 is m o s t  impor t an t  s i n c e  i t  s t rongly  
inf luences the  g-  leve l  occu r r ing  dur ing  the  f inal  r e s t a r t .  T h e  propel lan t  
loading h i s to ry  f o r  ini t ia l ly  full  t anks  and f o r  t he  m i s s i o n  shown in Tab le  3 
r e su l t ed  i n  4300 kg (9500 lb) of r e s idua l  following the f inal  burn.  I t  w a s  
fel t  tha t  a m o r e  s e v e r e  r e q u i r e m e n t  f o r  the  s y s t e m  would be  t o  ini t ia l ly  
off-load the  tanks ,  s o  that  following t h e  l a s t  burn ,  270 of t he  propel lan t  would 
r e m a i n  as residual /cont ingency.  T h e  propel lan t  loading and usage  h i s t o r y  
based  o n  270 r e s idua l  is shown i n  Tab le  13. 
THRUST CHAMBER AVERAGE 
TEMPERATURE OF 2780K 
(5000R) AT PRESTART 
NOMINAL TlME TO ACCELERATE 
TO 90-PERCENT RATED THRUST 
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Figun 24. Edimrtd Tug E m  Stwt Tramimt Thrust vs T i e  
T h e  TSPM h a s  res idua l  unavai lable  t o  t he  engine dur ing  high-g thrus t ing  
as a r e s u l t  of pull-through n e a r  t h e  end of draining.  Because  of t h e  high 
g- leve ls  involved, it w a s  not n e c e s s a r y  t o  a s s u m e  a conical-bot tomed LO2 
t ank  t o  r educe  r e s idua l s ;  r a t h e r ,  the LO2 tank w a s  a s s u m e d  s p h e r i c a l  with 
a resu l t ing  weight savings of 72 .5  kg ( 160 lb).  T h e  pul l - through height ,  h ,  
fo r  t h e  TSPM w a s  found f r o m  t h e  c o r r e l a t i o n  of ref. 18; 
h 
- D = 0.43  tanh  3($)0*21 
w h e r e  d is the  d r a i n  d i a m e t e r  and D is t h e  tank  d i a m e t e r .  T h i s  equation w a s  
developed f r o m  expe r imen t s  on  f la t  bot tom cy l inde r s  wi th  c e n t e r  d r a i n s ;  
however ,  t he  modified F r o u d e  number  of equat ion (10) g ives  a good c o r r e l a -  
t ion f o r  h i n  sphe r i ca l  t anks  when the m e a n  velocity,  Vm, and  t h e  tank  d i a m -  
e t e r  a r e  based  o n  the  wetted por t ion  of t he  tank a t  pul l - through,  as shown 
i n  F i g u r e  25. 
F r o m  F i g u r e  25, 
Q 
- - w h e r e  D = 2r 
'm-  2 
nr  
TABLE 13. - CONSUMPTION, VENTING, AND SETTLING 
PROPELLANT HISTORY 
7-Day Mission 
Iner t  Weight = 3, 586 kg (5,700 lb) 
Ini t ial  Propel lants  
174.74- Hour Venting 
Settling for  POI Burn 
POI Burn 
1.92-Hour Venting 
Settling for  TO1 Burn 
TO1 Burn 
5.27-Hour Venting 
Settling for  MOI Burn 
MOI Burn 
11. 15-Hour Venting 
Settling for  TO1 Burn 
TO1 Burn 
5.27-Hour Venting 
Settling for  POI Burn 
POI Burn 
3.02 -Hour Venting 
Settling for  Rendezvous Burn  
5.23 -Hour Venting 
Residual  Contingency (2%) 
*Paren theses  indicate res idual  at th is  
LH2 
(kg) 
3 ,377 
75 
(3,302)* 
1 
52 1 
(2.780) 
1 
(2,779) 
1 
1 ,257  
(1,  521) 
2 
( i ,  519) 
3 
77 5 
(741) 
5 
(736) 
2 
355 
(379) 
2 
(377) 
1 
165 
(21 1) 
1 
(210) 
1 
140 
(69) 
2 
6 7 
point in miss ion  
19,714 
0 
(19,714) 
3 
3 ,124 
(16,587) 
0 
(16, 587) 
3 
7 ,544  
(9,0401 
0 
(9,040) 
19 
4,649 
(4,372) 
0 
(4,372) 
9 
2, 134 
(2,229) 
0 
(2,229) 
7 
99 1 
( l , 2 3  1) 
0 
(1,231) 
6 
838 
(387) 
0 
387 
Figun 25. Draining Pull-Through Nomnclrtun 
and r is related to the  tank radius ,  R ,  and h by 
2 112 
r = ( 2  R h-h ) 
Equations (10 through (12) w e r e  combined and solved for the  pull-through 
height a t  the final burn termination and assuming burning of the residual  2 with accelerat ion,  g,  ranging f r o m  22 to  25.8 m / s e c 2  (72 to  84.5 f t l s e c  ) 
fo r  both the LO2 and LH2 tanks. The  total unavailable residual  due t o  pull- 
through was  found to be 13. 1 kg (29.0 lb) fo r  the  TSPM. 
TvS/WSL System; '?-Day R e s t a r t  Mission. During res ta r t ,  the flow 
r a t e s  a r e  quite high, and for  the final burn, the propellant quantities a r e  
Low, s o  that the final burn r e s t a r t  is the controlling design c r i t e r i a  fo r  the 
s c r e e n  device. Therefore,  p r i o r  to the final rendezvous burn, the propellant I quantity was  209 kg (46 1 Lb) H2 and 1228 kg (27 14 lb) 0 2 ,  a s  shown i n  Table 13. 
Since the rendezvous burn  t akes  place in a 160-nmi orbi t ,  i t  was  assumed 
that  a d r a g  o r c e  had occur red  to  fo rce  the  propellant  away f r o m  the  engine 
inlet at 10-6g1s .  This  gave Bond numbers of 1.48 for  the LHz tank and 
1 
2.74 for  the  LO2 tank. Assuming standpipe d i a m e t e r s  of the  o r d e r  of 
0.02 1 m (0.07 ft),  the annulus ra t io  ( ra t io  of standpipe d iamete r  to tank 
d iamete r )  was  about 0.006. The contour of the interface in  the  tanka, bared 
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of standpipe d iamete r s ,  the  TVS pump p a r a m e t e r s ,  rys tum res iduals ,  and 
ha rdware  weights w e r e  found, using the  pump ana lys i s  of ref. 6. The  
resu l t s  a r e  shown in Table  14. 
It can  be seen  that the pump d i a m e t e r s  w e r e  rearonably  compatible 
with the standpipe s i zes ,  making installation design r t ra ight forward ,  and 
the pump operating p a r a m e t e r s  of rpm, head, efficiency, e tc . ,  w e r e  
reasonable.  The LH2 pump input power was very  s m a l l ,  but above the 
minimum feasible value of 0. 1 watt. The  LO2 pump input power i s  too s m a l l  
to have a noticeable effect on the  02 MLI thickness o r  weight for  the  TVSIWSL. 
The  TVSIWSL annulus ( o r  standpipe) res idual  i s  not relevant because 
complete s c r e e n  breakdown will  occur  under  full 66,720 N (15,000 lb)  
thrust .  The 2% residual/contingency of 452. ? kg (998.0 lb)  i s  g r e a t e r  than 
the  annulus residual  and is a l l  avai lable to  the engine during high-g thrusting 
except that trapped by the outflow baffle, a s  puddle res idual  (a total of 
2 4 . 2  kg (53.4 lb) ) .  This  m a s e  will be a s s e s s e d  to the  TVSIWSL a s  a 
p r  nalty. 
TABLE 14. -DESIGN TVS/WSL SYSTEM AND PUMP 
CHARACTERISTICS FOR 7-DAY MISSION 
I Annulus l o s s  
Baffle l o s s  
Standpipe l o s s  
3 3 Pump flowrate - m Imin  (ft  Imin)  
Pump efficiency (70) 
TVS Pump Head - c m  (ft) 
I Pump input pc..ver (wattel 
I Pump boiloff - kg ( lb)  
5.324 
(0. 17467) 
I External  boiloff - kg ( lb)  
7 
O2 . .  . 
12.261 5 
(0.40228) 
Pump speed ( r p m )  
Pump diameter  - c m  (f t )  
Pump weight - kg ( lb)  
Motor weight - kg ( lb)  
I Optimum Standpipe Diameter  - c m  (A) 
Standpipe res idual  - kg ( lb)  
Annulur Gap (Equivalent) - c m  (in. ) 
Annulus rer idual - kg ( lb)  
Standpipe Weight - kg ( lb)  
Sc reen  Weight - kg ( lb)  
0. 1s  (0 .4)  
0.71 (0.28) 
43. 2 (95.31 
1 1 2 . 4  
23.3 (51.3) 
1. 5 (3. 3) 
0.41 (0.16) 
166. 8 (367.7) 
0 . 5 4 ( 1 . 2 )  
9.6 (21.2) 
TABLE 15, - COMPARISON O F  TSPM AND TVSIWSL 
WEIGHTS (KG) FOR 7 -DAY 
A. Tankage 
H2 
O2 
B, Pre r rur iza t ion  syr tem 
C. Insulation 
H2 MLI 
O2 MLI 
Purge ayr tem 
Compone~ t  s 
He bottle 
He 
Mesh 
D. TVS 
*2 
0 2  
C ompone nts 
E. WSL and rupports 
F. Propulsion module 
G. Propellant residual  (2'70) 
(Unavailable r e  ridrial) 
H. Propellant boiloff 
I Propulrive propellant* 
J. Hardware 
Transfer  and f i l l  rryrtems 
Baffler 
Standpipes 
TOTAL 
MISSION 
TSPM 
248.6 
71.7 
24.8 
88.2 
14. 6 
5. 4  
47.6 
6.0 
22.9 
3 .4  
1. 1 
7. 3 
0 
56. 7 
(452.7) 
13. 1 
88.9 
1 
TVSIWSL 
248.6 
77. 7 
24.8 
88.2 
14.6 
5.4  I 
47.6 
6.0 
22.9 
0. 5  
0. 5 
2.3 
124.9 
0 
(452. 7) 
24.2 
89.2 
0 
(lb) 
*Propellant required for OV a t  I = 350 
91. 5 
17.7 
0 1.6 
-- 
809.6 
(1784.01 
882.2 
(1945.2) 
r ec  inatead of I = 460 aec 
(main engine) 
Weight Compar i son  and  Othe r  S y s t e m  Cons idera t ions ;  7-Day R e s t a r t  
Missiotl. - Since only the  TVSIWSL puddle r e s idua l  t rapped  by the  outflow 
baffle w a s  unavai lable ,  t ry ing  t o  u s e  a p a r t i a l  s c r e e n  t o  t educe  residua! 
w a s  point less .  T h e r e f o r e ,  u s e  of a p a r t i a l  s c r e e n  l i n e r  w a s  not p rac t i ca l  
f o r  t he  7-day c o a s t l r e s t a r t  miss ion .  F u r t h e r ,  u s e  of a cooled shield TVS 
showed no advantage,  because ,  although a p a r t i a l  s c r e e n  could be u s e d ,  only 
the  s c r e e n  weight would be  reduced (but the  s z r e e n  suppor t  weight would be  
essent ia l ly  unchanged).  Since the  to ta l  cooled shield weight w a s  6 2 . 2  kg 
(135 lb) ,  and the  combined weight of s c r e e n s ,  TVS and m e s h  MLI  suppor t s  
w a s  56.6 kg (125 lb) ,  t h e r e  w a s  no way tha t  u s e  of a cooled shield c o u l i  show 
a weight advantage. T h e r e f o r e ,  t h e  only two s y s t e m s  which w e r e  cons ide red  
and compared  w e r e  the  T S P M  and the  TVSIWSL, shown in  Tab le  15. 
T h e  weight of the WSL shown in  the  t ab l e  w a s  found using t h e  s a m e  s c r e e n  
suppor t  configuration a s sumpt ions  a s  f o r  t he  3 -day mis s ion ;  however ,  because  
f ewer  p a s s e s  and suppor ts  a r e  needed, the WSL weight w a s  somewhat  l e s s  than  
f o r  t he  3-day m i s s i o n  configuration. 
It  c an  be s e e n  tha t  the  T 3 P M  w a s  8.2% l igh te r  than the TVS/WSL f o r  
the  7-day  coast / res:ar t  mi s s ion .  It c a n  be concluded f r o m  th i s  tha t  the  TVSI  
WSL w a s  not used  to  i t s  b e s t  advantage in  a pu re ly  r e s t a r t  type  of miss ion .  
However ,  the WSL s y s t e m  had the  capabi l i ty  t o  p e r f o r m  th i s  mi s s ion ,  and if 
a cooled shield TVS w e r e  used  ( a t  a n  addi t ional  weight penalty of pe rhaps  
9 kg (20 lb) )  r e s t a r t  could be  accompl ished  with a comple te ly  p a s s i v e  sys t em.  
Life Support  P o w e r  Supply Reac tan t  Sys  t e m  
Definition of the phys ica l  and  opera t iona l  c h a r a c t e r i s t i c s  of the  base l ine  
0. 5 m 3  (17.5 ft3) s u p e r c r i t i c a l  c ryogenic  g a s  s t o r a g e  s y s t e m  (CGSS) w a s  
based  on  Reference  20. Th i s  des ign  w a s  developed f o r  the  Apollo Applica-  
t ions  P r o g r a m  (AAP)  and w a s  a n  extension of the  technology developed f o r  
t h e  Apollo envi ronmenta l  cont ro l  s y s t e m l f u e l  ce l l  supply sys t em.  T h e  two 
propel lant  s to rage  s y s t e m s  s tudied w e r e  f o r  Hz and 0 2 ,  and  the s y s t e m  i s  
shown in  F i g u r e  29. 
Each  s to rage  tank  cons is ted  of two concent r ic  s h e l l s ,  and the  annu la r  
spacz  between the  s h e l l s  w a s  evacuated.  T h e r e  w e r e  two concent r ic ,  d i s -  
c r e t e ,  a luminum shie lds  tha t  ac ted  a s  t h e r m a l - r a d i a t i o n  b a r r i e r s  within 
the  vacuum annulus.  T h e  i n n e r m o s t  shield on both types  of t anks  (oxygen 
and hydrogen)  had provis ions  f o r  vapor  cooling. T h e  s u p ~ l y  fluid pas sed  
through a tube that  w a s  b r a z e d  to  t h i s  shield p r i o r  to  exiting t h e  dewar  
s y s t e m ,  thus cooling the  shield.  T h i s  cooling m a d e  the  shield m o r e  effi-  
c ien t  in  the in te rcept ion  c' incoming heat .  Pa ' of t h e  in te rcepted  hea t  w a s  
abso rbed  by the  exiting fl.1 1 and w a s  c a r r i e d  ouc of the  sys t em.  
T h e  ins ide  of t he  vacuum jacket ,  ou ts ide  of t he  p r e s s u r e  v e s s e l ,  and 
both sh ie lds  w e r e  s i l ve r -p l a t ed  f o r  low emis s iv i ty .  T h e  sh ie lds  w e r e  
0 .05  c m  (0.020 inch) th ick  and  weighed 4. 54 kg (10 lb)  apiece.  
T h e  p r e s s u r e  v e s s e l  w a s  supported by 16 r ad ia l  b u m p e r s  - 8 b u m p e r s  
o n  the  bottom h e m i s p h e r e  and 8 bumpers  on the  t o p  hemisphe re .  T h e s e  
b u m p e r s  w e r e  m a d e  of a low-thermal-conductivity m a t e r i a l  known a s  Kel-F.  
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T h e  p r e s s u r e - v e s s e l  loads w e r e  t r ansmi t t ed  through the  bumpers  l o  the  
mount s t ruc tu re .  The fluid- equil ibrat ion-heater  sys tem consisted of a p e r  - 
fora ted  cylindrical  tube that had coiled e lec t r i c  h e a t e r  e lements  fastened to 
the  external  su r face  of the  tube. An e lec t r i c  motor - fan  unit was mounted on 
each end of the  tube; the  unit was  a source  of convective heating of the  fluid, 
and the  unit maintained a homogeneous fluid mixture.  The A A P  fluid- 
equil ibrat ion-heater  s y s t e m  was packaged with the  quanti ty-measuring s e n s ~ r  
within one cylindrical  tube assembly ,  whereas  the Apollo tanks involved two 
separa te  tube s t ruc tu res .  
Following the  accident on Apollo 13 involving an  e lec t r i ca l  s h o r t  and 
explosion in  the  superc r i t i ca l  0 2  tank, NASA made  the  decision t o  el iminate 
the  fans in superc r i t i ca l  0 2  tanks. F o r  the  A A P  sys tem,  i t  was assumed 
that the fans w e r e  el iminated,  but the  heater  increased slightly i n  s i z e  ( in  
o r d e r  t o  obtain sufficient expulsion heating power)  with no net weight change. 
The ini t ial  CGSS design necessi tated that all t h r e e  tank types opera te  a t  
the  nominal superc r i t i ca l  p r e s s u r e  of 620.6 ~ / c m ~  (900 ps i ) ,  thus making 
u s e  of common p r e s s u r e  vesse l s  and relief valves. However, during the 
AAP CGSS contract ,  it was proved that Inconel 718, the p r e s s u r e - v e s s e l  
ma te r i a l ,  i s  susceptible t o  hydrogen embri t t lement.  A s e r i e s  of t e s t s  was  
conducted a t  NASA's Johnson Spacecraf t  Center  (JSC) in support  of the  
AAP CGSS effort.  The resu l t s  of these  t e s t s  confirmed the  findings of the 
cont rac tor .  However, through the 3SC t e s t s  it was  ascer ta ined that  there 
was  a threshold l imi t  t o  the  hydrogen-embri t t lement phenomeiiun. It was  
determined that Inconel 718 could be used fo r  the hydrogen p r e s s u r e  vesse l  
2 i f  the maximum p r e s s u r e  is l e s s  than 303.4 N / c m  (44C ps i ) .  
Reduction of the s to rage  p r e s s u r e  f o r  the H2 s y s t e m  reduces  the  H2 
s to rage  efficiency somewhat. Redesign of the H2 p r e s s u r e  v e s s e l  t c  u s e ,  
f o r  example,  5 A1-2.5 Sn ELI Titanium, with i t s  go3d cryogenic ~ r c p e r t i e s ,  
could allow inc rease  of the  s to rage  p r e s s u r e  back to  620.6 ~ / c m ~  (900 ps ia )  
with l i t t le  o r  no inc rease  in  p r e s s u r e  vesse l  weight. However, th is  would 
only i n c r e a s e  the available Hz by l e s s  than 5%, and such a modest  inc rease  
w a s  assumed  to not justify elimination of p r e s s u r e - v e s s e l  commonali ty,  o r  
to  justify the  effort of redesign. Instead the values of CGSS weights and 
physical  cha rac te r i s t i c s  contained in ref .  20 w e r e  used.  These  a r e  shown 
in  Table  16 (taken d i rec t ly  f r o m  the  re fe rence ) .  Use  of the  s y s t e m  fo r  N2 
was not studied. 
Supercr i t ica l  CGSS; 30- Day Storage Mission. - The ope rat ional  a s s u m p -  
t ions ( s e e  Table  16) for  the  30-day s torage  miss ion  were:  
A. T h e  p r e s s u r e  buildup t ime  i s  50 hours  to  the  low p r e s s u r e  relief 
valve setting (293 ~ / c m ~  (425 ps ia )  fo r  Hz, 658. 5 ~ / c m ~  (955 ps ia)  
for 0 2 )  with a n  uncooled heat  flux of 4.25 watts  (14. 5 B tu /h r )  f o r  
H2 and 11.72 watts (40 B t u l h r )  for  02. * 
>:<The cooled heat  flux was  specified (Table  16); the  uncooled heat  flux was  
extrapolated by ratioing up the  cooled heat  flux by the  s a m e  ra t io  specified 
fo r  the  Apollo CGSS (Table 9, pages 33 and 34, ref.  20). 
TABLE 16a . . APOLLO APPLICATIONS PROGRAM CGSS WEIGHTS 
t Item Oxygen tank Hydrogen tank Nitrogen ' T I  
Syakm weight 
CCSS urcmbly. Ib . ....-... . 880 
Dewar assembly, lb ............-..,. 283 
Mount/intert.n structure, Ib ......... 74 
External components, Ib .......................... 10 
d terface connections, Ib ............................. 13 
Major parts weight 
Pressure vessel, Ib ................................... 182 to  185 
Outer shell, Ib ............................................ 34.5 
TABLE 16b . . STRUCTURAL CHARACTERISTICS O F  THE AAP CGSS 
3% 
283 
32 
10 
13 
182 t o  185 
34.5 
I Characteristic Oxygen tank 
Fluid 
Maximum dl1 . ....-..........--..-..... ..., 
Maximum All quantity, lb - ........................ 
U d l e  quantity, lb 
Residual quantity, lb 
Mow rates at nonnal temperature 
and pressure 
Minimum normal, l b h r  .........-................. 
Maximum normal, lb/hr .. 
Muimum heat leak a t  n.~nimum dQ/dM 
for a 1600-hr mission, Btu/hr .................... 
Minimum dQ/dM, Btu/lb ......................... .... 
l l u i m u m  dQ/dM, Btu/lb ................... ............. 
Fluid pressure 
Nonnal operating range, psi8 
Minimum delivery, psia ................--. .- 
Relief valves ' 
High pressure 
Crack. minimum. pai ..-. 
Fill1 flow, maximum, psi ........................... 
Reseat, minimum, psi 
Low pressure 
Crack, minimum, psi 
Normal flow, maximum, psi .................... 
Full flow, maximum, psi ......................... 
Reseat, maximum, psi 
Heater circuit 
High pressure 
Open, pala ................-..........--.......-....-.... 
28 
35 a t  900 psi 
160 at  900 psi 
Close. psi8 ........---....................-....- ... -- +25 .. 845 -0 
Low pressure 
Open, paia + 0 845 -25 
I Close. paia .........-.....................................-.. + 25 820 -0 
Operating fluid temperature. *F .................... -300 to 80 
Servicing 
Fill time. h r  .............................................. 3.0 
Chilldown time. h r  .... 36.0 
Top-oR time, h r  .................... ... --- ....-....... .. 3.0 
Prearure buildup at normal temperature 
rnd preuure 
Sta~~dby time, minimum, hr  ... ............-........ 60 
Heater time, maximum, h r  ........................... 10 
'Preaaure above ambient pressure is defined an psi . 
Hydrogen tank 
5 
100 a t  250 psi 
275 a t  250 psi 
Nitrogen tank 4 
26 
44 at 9 10 psi 
180 a t  901, psi 
TABLE 1 6 ~  . -ELECTRICAL AND INSTRUMENTATION CHARACTERISTICS 
a 
. 
j 
i 
i 
i 
1 
Nitrogen tank 
Hennetically sealed 
pin receptacle 
28 
46 
a 
15 
360 
116 
25 
2 
60 
Oto1200 
225 
Otob 
600 
0.35 
28 
Ob100 
22.5 
0 to 5 
500 
4.5 
116 
-425 to 80 
22.5 
Oto6 
600 
1.1 
28 
10 
20 
AAP CGSS 
O F  
Characteristic 
Connectom .................. 
Heaters 
Voltage, Vdc .......................... 
Power, each, W ........................ 
Number .- ............-... ........ - ......- .. . . . . .  
...... Resistance per heater, nominal, ohms 
Power, total, W ......... 
Motor fans 
Voltagr a t  400 Hz, Vac .....--.. 
Power, each, W ............ 
............ ...................... Number 
...... Power, total, W 
Pressure-gaging system 
Range, psia ............. 
.................... Accuracy, percent full range 
.. Output voltage, Vdc 
. Output impedance, ohms 
......... Power, W 
. Voltage Vdc - 
Quantity-gaging system 
Range . percent full ..... - 
................ Accuracy, percent of full range 
....... Output voltage, Vdc ... 
.............................. Output impedance, ohms 
............................................. Power, W - 
.. Voltage Range, 'F at 400 Hz, Vac 
Temperature-gaging system 
............................ 
Accuracy, sarcent full range ...-................. 
Output voltage, Vdc .. 
Output impedance, ohms 
Power, W i ..--... 
........... Voltage, Vdc 
Ion pump power supply 
Power, W 
Voltage, Vdc -. . 
TABLE 16d . - STRUCTURAL 
Item 
Pressure vessel 
Material 
Ultimate strength, psi 
Yield strength, psi 
Safety factors 
Ultimate strength ....--..-- 
Yield strength --.- ..--..-....--..--..--. .- 
..... Configuration 
. Volume, ita -.. 
. Outside diameter, in 
Wall thickness: in .- ...................... ....... .... .. 
. Girth thickness, in - .- 
Weight, Ib ..........-..--..........--..--..--........- 
...... 
Outer shell 
Material .- 
Buckling-presaurt differential a t  
......................... 140' F, minimum, paid 
Configuration ..-- 
. Outside diameter, in 
. Wall thickness, in 
Weight, Ib ................-... ............--................- 
- - 
'Tolerance varies along the meridian . 
THE AAP CGSS 
Oxygen tank 
Inconel 718 
1130 000 
145 000 
2 
1.5 
Spherical 
17.5 
39.0 
+0.011 
0'130 -0.017 
0.141 f 0.003 
182 to 185 
6061 A1 
20 
Spherical 
41.5 
0.064 
34.6 
60 
Oxygen tank 
Hermetically sealed 
pin receptacle 
28 
45 
8 
15 
360 
115 
25 
2 
50 
0 to 1200 
2 2.5 
0 to  5 
600 
0.35 
28 
Hydrogen tank 
Hermetically maled 
pin receptacle 
28 
45 
1 
15 
45 
115 
25 
2 
W 
Oto550 
f 2.5 
0 to 5 
500 
0.35 
28 
Hydrogen tank 
v 
Inconel 718 
180 000 
145 000 
4.5 
3 
Spherical 
17.5 
39.0 
+0.011 
0.:30 -0.017 
0.141 .c 0.003 
181 to  185 
6361 Al 
0 to  100 0 t o  100 
=2, E 22.5 
0 to 5 0 to 5 
500 600 
4.5 4.5 -42522 115 -425 to  116 80
22.5 
Oto5 0 to 5 
500 500 
1.1 
28 
10 
28 
CHARACTERIS'iiCS O F  THE 
- 
Nitrogen tank 
--. 
Inconel 718 
180 000 
145 000 
2 
1.5 
Spherical 
17.5 
39.0 
+0.011 
-0.017 
0.141 0.003 
182 to 185 
6061 A1 
20 
S p h e r i z  I Spherical 
41.5 41.6 
0.064 
34.5 
0.061 
34.5 
B. T h e  low p r e s s u r e  rel ief  val  e vents through the  cooled shield a t  !! the  s e t  p r e s s u r e  (293 N / c m  (425 ps ia)  fo r  Hz, 658.4 N/cmZ (955 
ps ia)  for  0 2 )  fo r  670 hours  with a cooled heat flux of 1.46 watts  
(5 B t u l h r )  for  H2 and 8 .2  watts  (28 Btu /Hr )  for  C2. * 
C. At 720 hours,  usage begins. T h e  usage  rate is assumed  a s  a constant 
weight flow r a t e  demand based on  the  ini t ial  usable  weight flowing 
f o r  10,000 minutes (0.01% tank volume/minute)  o r  0 .2  k g l h r  
(0.45 l b l h r )  f o r  HZ; 3.27 k g l h r  (7.2 lb /h r )  fo r  02. 
Outflow drops  the p r e s s u r e  f r o m  the  relief valve p r e s s u r e  (293 N/ 
cm2 for  HZ, 658.5 PJ/crn2 f o r  0 2 )  t o  the  hea te r  c i r cu i t  (del ivery)  
p r e s s u r e  (172.4 ~ / c m ~  (250 ps ia)  fo r  Hz, 608. 1 N/cm2 (882 ps ia )  
fo r  0 2 )  in  4.1 hours  fo r  Hz and 1 .49 hours  f o r  0 2 .  At th is  t ime ,  
the hea te r s  come on with sufficient power demand (plus the 
external  heat  flux of  1.46 wat ts  (5  B t u l h r )  fo r  Hz, 8.2 watts  (28 
B t u l h r )  for  0 2 )  t o  maintain a constant outflow r a t e  a t  172.4 N / c m  2 
(250 ps ia )  for  Hz (608. 1 ~ / c m ~  (882 ps ia )  f o r  0 2 ) .  
E. When the  outflow power demand exceeds the  max imum power of the  
hea te r s  near  the end of outflow, they a r e  shut  off and the  tank 2 p r e s s u r e  decays  isentropical ly f r o m  172.4 N / c m  f o r  Hz (608.1 N/ 
cm2 f o r  0 2 )  to  the  miilim m del ivery  p r e s s u r e  of 69 N/cm2 (100 Y ps ia )  f o r  Hz (103.4 N / c m  (150 ps ia)  for 0 2 ) ,  a t  which t i m e  outflow 
c e a s e s  and the res idual  is 0. 7 3  kg (1.6 lb) Hz (9. 53 kg (21 lb) 02). 
The assumed  fluid cha rac te r i s t i c s  w e r e  based on H2 p roper t i e s  f rom 
ref. 21  and 02 .p roper t i e s  f r o m  ref .  22. During venting, the  fluid m a s s  and 
enthalpy w e r e  integrated over  the  s to rage  t i m e  (670 hours)  based on constant 
heat input ( s e e  B above) throubh t h e  cooled shield. During outflow, the  fluid 
m a s s  and enthalpy w e r e  integrated o v e r  t h e  outflow t i m e  based on constant 
outflow r a t e  ( s e e  C above). The H2 weight history i s  shown in  Figure  30 for  
the  30-day s to rage  mission,  a t  t h e  end of which 29 kg (63 .9  lb)  H2 remain .  
During outflow, the power demand f o r  the H2 heater  (not including the 
1.46 wat ts  ( 5  Btu/hr)  external  heat flux) is shown in F igure  31. The integrated 
hea te r  energy required is 2,500 wat t -hr .  This  energy requi rement  was  con- 
ver ted  t o  ba t tery  weight. Two kinds of ba t t e r i e s  w e r e  investigated: nickel- 
cadmium with an  energy s to rage  capacity of 66. 1 wat t -hr /kg  (30 wa t t -h r / lb )  
(ref. 23) and s i lver-z inc  with a n  energy s to rage  capacity of 143. 3 wat t -hr /kg  
(65 wa t t -h r l lb )  (ref .  24). It is possible that  the  s i lve r -z inc  ba t t e r i e s  m a y  not 
have the  long s to rage  t i m e  needed for  the long coas t  t i m e  miss ion,  in which 
c a s e  the  e lec t ro ly te  may have to  be  added a f t e r  coast .  However, in o r d e r  to  
p resen t  the  su:,ercritical sys tem,  with i t s  l a rge  power r equ i rements ,  in the  
best  possible light, this minor  problem was ignored,  and a s i lve r -z inc  bat tery  
s y s t e m  was  chosen. 
The 0 2  s y s t e m  weight history is shown in F igvre  3 2  for  the  30-day 
s to rage  miss ion,  a t  the end of which 496.6 kg (lC'94.8 lb)  O2 remain .  During 
outflow, the power demand for the  0 2  s y s t e m  hea te r s  (not including 8 . 2  watts  
(28 Btu/hr)  external  heat flux) is shown in Figure  33. The integrated heater  
energy requi red  i s  18,200 wa t t -h r ,  which was a lso  converted to  s i lve r  -zinc 
bat tery  weight. 
*The cooled heat  flux was  specified (Table  16); the uncooled heat  flux was  
extrapolated by ratioing up the cooled heat  flux by the s a m e  ra t io  specified 
f o r  the  Apollo CGSS (Table 9, pages  33 and 34, ref. 20). 
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Superc r i t i ca l  CCSS; 200-day S to rage  Mission.  - Based  on t h e  boiloff 
r e su l t i ng  f r o m  t h e  30-dav  s t o r a g e  mis s ion ,  it waa c l e a r  tha t  t he  t h e r m a l  
nys tem ernplo;ed w a s n o t  adequate  fo r  t h e  300-day s t o r a g e  mis s ion  
or ig ina l ly  proposed  ( r e f .  8) .  The re fo re ,  ini t ia l ly ,  a s  proposed  in ref .  8,  
MLI  w a s  added to  t h e  s y s t e m  to  r educe  the  heat ieak to  m o r e  acceptab le  
values.  However,  t he  r ad i a l  b u m p e r  design ut i l ized w a s  not v e r y  efficient 
f o r  v e r y  low hea t  leak  design,  s o  tha t  desp i t e  t h e  addition of MLI, subs tan t ia l  
hea t  leak  en te red  the  s y s t e m  through conductive heat l eak  through the  suppor t s  
and plumbing. The re fo re ,  ini t ia l ly  a n  ana lys i s  w a s  pe r fo rmed  to  d e t e r m i n e  
t h e  app rox ima te  amount  of heat flux through the  suppor t s  and plumbing. It 
w a s  a s sumed  tha t  t h e  amount  conducted through t h e  plumbing w a s  s m a l l  
b e c a u s e  long, s m a l l  d i ame te r ,  thin wa l l  s t a i n l e s s  s t e e l  tubing w a s  used.  It 
w a s  f u r t h e r  a s s u m e d  that ,  b e c a u s e  t h e  0 2  t e m p e r a t u r e  w a s  below 110'K 
(200mR), t he  rad ia t ion  heat flux, bRAD, w a s  e s sen t i a l l y  t h e  s a m e  fo r  both t h e  
0 2  and Hz tanks.  Finally,  i t  w a s  a s s u m e d  tha t  the  conduct ive heat flux, 
QCOND, through the  r a d i a l  b u m p e r s  w a s  propor t iona l  to  t h e  lzumper a r e a  
which in  t u r n  w a s  propor t iona l  to  t h e  supported weight.  The weight of i n t e rna l  
tank  components  ( h e a t e r s ,  fan, p robes ,  etc.  ) w a s  not known, s o  i t  was  
a s s u m e d  tha t  t he  supported weight w a s  the  s u m  of the  p r e s s u r e  v e s s e l  plus  
propel lant  weights  118.4 kg (261 lb)  for  Hz, 637.8 kg (1406 lb)  for  02).  Thus,  
f o r  no cooling flow in the  sh ie lds ,  t h e  ene rgy  ba lance  equat ions fo r  the 0 2  
and Hz tanks  w e r e  solved s imul taneous ly  t o  yield:  
QRAD = 1.364 w a t t s  (4 .656  B t u l h r )  
HZ QCOND = 2.883 wa t t s  (9 .844  B t u l h r )  
- 10. 352 wat t s  (35. 344 B t u l h r )  O2 QCOND - 
In o r d e r  t o  check t h e s e  va lues ,  the  rad ia t ive  heat  flux w a s  calculated fo r  
concent r ic  s p h e r e s ,  ignoring s m a l l  d i a m e t e r  d i f fe rences  in t he  sh ie lds ,  and 
a s s u m i n g  typ ica l  equal  e m i s s i v i t i e s  of 0 . 0 1  ( r e f .  25)  for  s i l v e r  plating. The 
QRAD calculated in  t h i s  fashion w a s  1. 3 18 wat t s  (4.  5 B t u l h r )  which i s  
r e m a r k a b l y  c l o s e  to tha t  found above. 
When a cooled ahield i s  placed withln a nominal  t h i ckness  -6 MLI, i t  not 
only a b s o r b s  additional heat,  r a i s ing  t h e  shield e r i t  t e m p e r a t u r e ,  but in s o  
doing i t  a l so  changes  t h e  t e m p e r a t u r e  prof i le  through t h e  MLI, changing the  
t r ansmi t t ed  heat flux. The  MDAC Shield Analysis  Compute r  Code P3513 w a s  
used  to  define the  opt imum shie ld  locat ion,  and the  reduct ion in  MLI heat flux 
d u e  to  the  p r e s e n c e  of cooled shield(s1, a s  a furct ion of t he  heat  s h o r t  heat  
leak  e x p r e s s e d  a s  a f rac t ion  of the  unshielded MLI heat  flux. The  ana lys i r  
f o r  o n e  and two sh i e lds  de t e rmined  that  t he  opt imum d imens ion le s s  shield 
locat ion within the  MLI ( X i )  w a s  e s sen t i a l l y  unaffected b y  t h e  amount >f heat 
s h o r t  heat leak. The  var ia t ion  in  MLI  heat flux for  op t imum shield location, 
a s  a function of heat  s h o r t  hea t  flux f rac t ion  i s  shown in F i g u r e  34. The  lef t  
hand s i d e  of F i g u r e  34 i s  expanded for  LH2 and LO2 in F i g u r e s  35 and 36, 
toge ther  with op t imum shield location within the  MLI. It wi l l  b e  noted that  
t he  second shield ia  much m o r e  efficiently ut i l ized with t h e  LH2 s y s t e m  than 
with t h e  LO2 (because  of the  higher  spec i f ic  heat of HZ). 
It w a s  a s s u m e d  that  the  MLI  added for  t he  long-coas t - t ime  m i s s i o n  w a r  
d is t r ibu ted  about t he  cooled shield s o  tha t  t h e  min imum heat flux ra t io  would 
b e  obtained. 



In o r d e r  t o  de t e rmine  t h e  opt imum amount  of MLI, prev ious  ana lyses  
(ref .  6) have de termined  the  min imum s u m  of boiloff weight and MLI  weight, 
to  min imize  to ta l  s y s t e m  -.veight. However ,  for  t h i s  ana lys is ,  i t  w a s  specif ied 
that t he  va r ious  s t o r a g e  s y s t e m s  b e  compared  on  the  b a s i s  of weight f ract ion,  
o r  ra t io  of de l ivered  propel lant  weight to t o t a l  loaded s y s t e m  weight.  T h e r e -  
fore ,  the  MLI  th ickness  w a s  se lec ted  to m a x i m i z e  t h e  weight f ract ion.  When 
the  opt imizat ion w a s  $e r fo rmed  fo r  the  300-day mis s ion ,  t h e  op t imum insula-  
t ion th ickness  w a s  o v e r  20 cm ( 8  inch) f o r  the  H2 t ank  and o v e r  28  cm 
(1 1 inch)  f o r  t he  0 2  tank. Note tha t  t h i s  l a r g e  MLI  th ickness  r e su l t ed  
because  of the  two-fold effect  of reducing f i r s t  t h e  MLI  heat flux, but  m o r e  
important ly,  reducing the  conduct ive heat  flux down t h e  b - lmper s  (which w a s  
about t h r e e  t i m e s  tha t  of t h e  MLI). Th i s  v e r y  long conduct ive length of t he  
r ad i a l  b u m p e r s  d is tor ted  t h e  des ign  of t h e s e  suppor t s  such  tha t  i t  w a s  not 
c l e a r  that  t he  resu l t ing  b u m p e r s  would be  s t ruc tu ra l ly  sound f r o m  a 
compression/buckl ing standpoint.  
It was  c l e a r  f r o m  the  foregoing that  t he  s t r u c t u r a l  suppor t  and t h e r m a l  
cont ro l  s y s t e m s  w e r e  inadequate  fo r  l ong- t e rm s t o r a g e  mis s ions ,  and tha t  
it would b e  n e c e s s a r y  to redes ign  the  t h e r m z l  con t ro l  s y s t e m  to r e d u c e  the  
condr~ct ive heat f7-.u, and to  d e t e r m i n e  a long- t e rm m i s s i o n  t i m e  which would 
allow a r e a s o n a i ~ ,  - v e r a l l  s y s t e m  compar ison .  
The b a s i c  r edes ign  s c h e m e  se l ec t ed  w a s  to  s e p a r a t e  t h e  p r e s s u r e  v e s s e l  
f r o m  t h e  b u m p e r s  and vacumim jacket  dur ing  luw-g flight and coas t ,  thus  
changing the  l a r g e  conductive hea t  flux th rough t h e  b u m p e r s  t o  m u c h  s m a l l e r  
radiat ion (with MLI  ins ta l led  in  t he  vacuum annulus) .  Th i s  w a s  done b y  
instal l ing sma l l ,  'wound f ibe rg l a s s  s p r i n g s  around e a c h  lower bumper  (in 
eight p l aces )  a.id removing  the  b u m p e r s  i n  t he  uppe r  hemisphe re  (which do 
not contr ibute  s t ruc tura l ly) .  A f i be rg l a s s  s top  w a s  added t t h e  top . he 
ves se l ,  around the  vent line, to  loca te  t he  p r e s s u r e  v e s s e l  when lifted f r o m  
t h e  bumpers ,  a s  shown in F i g u r e  37. In addition, t h e  plumbing l i ~ e s  and 
sh ie lds  would a l so  tend to s t ab i l i ze  t h e  v e s s e l  when i t  is sepa ra t ed  f r o m  
the  b u m p e r s  in low-g coas t .  Because  the  s t r u c t u r a l  de t a i l s  of t he  CCSS a r e  
not known f r o m  ref .  20, t h e  proposed modif icat ions desc r ibed  above w e r e  
conceptual only, and would probably r e q u i r e  development  t o  a s s u r e  s t r u c t u r a l /  
vibrat ional  stabili ty.  
It was  fu r the r  a s sumed  tha t  t he  vacuum jacket  and shield des ign  s i z e  
would b e  held constant  for  commonal i ty  w: t h  t h e  o r ig ina l  CGSS design,  and 
only 2. 5 c m  ( 1 inch) of MLI  would h e  used ,  which would b e  positioned around 
t h e  cooled shield to  m i n i m i z e  t h e  heat flux. The  calculated heat  flux through 
t h e  redesigned t h e r m a l  cont ro l  syste 'm is shown in Tabla 17. 
With t h e s e  values of heat  flux, i t  w a s  found tha t  t he  H2 tank  w a s  the  
'Imiting c a s e  fo r  mi s s ion  durat ion:  a f t e r  200 days  coas t ,  18. 1 kg (40 .0  lb)  
of HZ remained;  after 300 days  coas t ,  only 8 .8  kg (19. 5 lb)  of  H2 r ema ined .  
The re fo re ,  t he  200-day coas t  miss ;on  w a s  se lec ted  for  the  long t e r m  m i s s i o n  
for  both t h e  H2 and 02 s y s t e m s  for  commonal i ty  (even though t h e  0 2  s y s t e m  
could eas i ly  coas t  fo r  longer  than 300 days) .  
The  weight h i s tory  of t h e  H2 for  t h e  200 -day m i s s ~ o r  is shown in  
F igu re  38, and t h e  r o w e r  r equ i r emen t s  dur ing  outflow w e r e  show11 previous ly  
in  F igu re  31. The  t i m e  to  r e a c h  vent p re s s : J r e  at t h e  reduced hea t  flux is 
146 hours ,  followed by 4664 hour s  of vect ing,  and  then  85 hour s  of rise. 
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TABLE 17. - THERMAL CONTROL SYSTEM XEAT FLUX 
30-Day Missicrr: Total Heat Leak 
Long-Term (2QQ-Day) Mission 
Conduction Through 
F ibe rg lass  Stop - 
K = 0. 588 joule/m-sec-"K 
(0.34 Btulhr-ft-OR) 
Conduction Through Eight  
F i b e r g l a s s  Springs 
Conduction Down Stainless 
Steel  Vent and Fill Lines  
Radiation frc m Eight  Bumpers  
Bumper c =  1.0 
Tank c = 0 . 0 1  
Heat Flux Through 2.5-cm 
1 (1-in. ) MLI with Cooled 
Shield 
(With KO Cooling) 
TOTAL 
Supercr i t ica l  
Storage 
(watt) (watt) 
*Defined by NASA SP-247 
**Corrected for  reduced bumper  heat leak 
Similarly,  the weight history of the  02 for  the 200-day missiorl is shown in 
F igure  39, with 489. 5 kg (1079.2 lb)  remaining a f t e r  coast ,  and the  power 
requi red  for  outflow was shown previously in Figure  33. The t i m e  to r each  
verlt p r e s s u r e  a t  the  reduced heat flux i s  328 hours, followed by 4472 hours  
of venting, and then by 147 hours  of use.  
The final weight s u m m a r y  for  the  super;. i t ica l  CGSS wil l  b e  compared 
with the  TvS/WSL s y s t e m  in a subsequent section. 
T'VS/WSL Svstem; 30-Day and 200-Day Transfer  Missions.  - F o r  the 
s6percritic:,l T s t e m ,  t h e  path for  heat flux into the tank was  not a s  i m ~ o r t a n t  
as- the  overa l l  quantity s ince  boiling did not occu-. However, for the  s;b- 
c r i t i c a l  TvS/V;EL uystem, the  radiat ive and conductive heat flux had to  b e  
defined to de termine  if and where  boiling may  occur.  If boiling occur red  
within the  s c r e e n  annulus in the  vicinity of the  ullage bubble, it wae pcss ib le  
th3t with vapor on both aides of tne  sc reen ,  s c r e e n  drying and breakdown 
would occur .  


It was  as sumed  that  the  incipient boiling point (in t e r m s  of heat flux and 
AT) occur red  a t  the  in tersec t ion  of the f r e e  convection curve  a t  10-5 g 
and the  nucleate boiling curve,  as shown in F igure  40. The boiling curves  
used for  LH2 and LO2 w e r e  based  on the  Kutateladze corre la t ion  given in 
ref .  7, for  a p r e s s u r e  of 27.6 N/cm2 (40 psia) .  As discussed in ref.  8, 
27 .6  NlcrnZ (40 ps ia)  was  the  tank p r e s s u r e  selected for  the  TVSIWSL s y s t e m  
which would allow u s e  of minimum gage (0 .05  c m  (0.020 inch))  6063-T5 high 
conductivity aluminum alloy for  the  svbcr i t ica l  p r e s s u r e  vesse l .  The f r e e  
convection curve  was  based on the  vertical '  flat plate co r re la t ion  (ref .  2 5): 
where  Nu is the  Nusselt  number  and R a  the Rayleigh number based on the 
hydraulic  d iamete r  (twice the annulus gap) f o r  o u r  sys tem.  The incipient 
boiling points shown a r e  0.0055'K (O.OlOR) a t  0.0473 wa t t /m2  (0.015 ~ t u l h r - f t 2 )  
f o r  LH2 and 0.0833.K (0. 15'R) at 1.4 19 watt /m2  (0.45 ~ t u / h r  -ft2) for  L02.  
Shown for  compar ison a r e  the  1-g incipient points: the  value of 0.055.K 
(0. 1'R) a t  1-g for  LHz general ly a g r e e s  with the  da ta  of Drayer  and Timmerhaus  
(ref .  26) who found incipient boiling points for LH2 of 0.033.K (0.06.R) to 
0.094'K (0. 17'R). 
The overa l l  t h e r m a l  control  s y s t e m  fo r  the two fluids and miss ions  w e r e  
analyzed to  de te rmin t  the  resultant  s y s t e m  heat  fluxes. In determining t h e  
fluxes for  the  LH2 tank, it  was  as sumed  that  the  s i z e  o r  number of bumpers  
could b e  reduced due t o  the reduction in supported weight caused by the  u s e  of 
low p r e s s u r e  tankage. The tank used for  the  TVSIWSL weighs 4. 54 kg (10 lb)  
compared t o  83.9 kg (185 lb) for  the aupercr i t ica l  tankage. The to ta l  weight 
supported by the  bumpers  for  the  TVSIWSL is, therefore ,  about 46.3 kg 
(102 lb)  compared t o  122.9 kg (271 lb)  for  the  superc r i t i ca l  sys tem.  There -  
fore,  conservatively,  the  number  of bumpers  was  halved: t o  8 for  the  30-day 
miss ion configuration, and t o  4 for  the  200-day miss ion configuration. 
Similarly,  for  the  0 2  tank, the  TVS/WSL supported weight is 548.9. kg 
(1210 Lb) compared to 642.3 kg (1416 lb) fo r  the superc r i t i ca l  sys tem,  o r  
a ra t io  of 0.855. Thus, for the  LO2 s y s t e m  the  number of burnpers was 
unchanged but the  a r e a  was reduced by 107'0. The result ing heat loads and 
flux for  the  H2 and O2 TVSIWSL a r e  shown in Table 18. 
The radiat ive flux was  below the  boiling point, but the  flux in the  vicinity 
of the  br -npers  could resu l t  in boiling. (The a r e a s  n e a r  the  bumpers  w e r e  
approximate  because  of the uncertain t e m p e r a t u r e  distr ibution caused by the  
bumper  s t r e s s  pads on the  tank. ) To avoid boil.ng, the  possibility of c i r cu -  
lating TVS mixer  flow over  t h e s e  a r e a s  with sufficient velocity and forced 
convection coefficients to prevent  boiling was investigated. It was f0ur.d that 
boiling could not b e  suppressed for the  30-day configuration (conductive heat 
s h o r t s )  without exceeding the  bubble point capability of the  200 x 1400 e c r e e n  
( the  finest obtainable aluminum sc reen) .  F o r  the  200-day configuration 
( radia t ive  heat s h o r t s )  the  boiling could b e  suppressed but a t  the  cos t  of 
excess ive  pump "boi lof f  penalty. Fur the r ,  during outflow a t  0.0 1% tank 
volumelmincte  boiling could occur  in the  absence of TVS mixer  flow. 
Since boiling n e a r  the  heat s h o r t s  could not prac t ica l ly  b e  suppressed,  it  
was  decided to configure the  WSL s o  that boiling would not compromise  the  
in tegr i ty  o r  performance of the  ecreen.  In the  vicinity of the bumper heat  
Figun 40. lncipkni Boiling Pointr for LH2 Hd LO2 
TABLE 18. - TVS/WSL HEAT LOAPS AND HSAT F L U X  
WITH COOLED SHIELD 
(watt) I 
External  Radiation 
16 Conductive Bumpers  (Each)  
External  Radiation 
16 Conductive Bumpers  (Each)  
LH2 - 200-Day ' 
External  Radiation 
8 Radiative Bumpers  P l u s  Spring (Each)  
0. 107 
0- @ 193 
shor ts ,  solid aluminum sheet ,  0 .05  c m  (0.020 inch thick), would be used i n  
place of the s c r e e n  panels s o  that  vapor  generat ion f rom boiling would not 
r e su l t  i n  s c r e e n  fa i lure .  As shown i n  F igure  41, the vapor  would be con- 
fined to the solid channeis, which W O C ~ ~  be used a t  four locations i n  the LH2 
tank and eight locations i n  the LO2 tank. This  would reduce  the s c r e e n  a r e a  
available to outflow by 118 and 114, respectively,  but th is  was  not believed to 
be a problem with o u r  configuration. The deta i l s  of assembl ing the  M'SL 
i n  the tank w e r e  described genera l ly  in ref.  8. Because the p r s s s u r e  vesse l  
was  made  of aluminum for  minimum weight, aluminum s c r e e n  w a s  selected 
f o r  the WSL to el iminate problems of diffqrential contraction. The 200 x 1400 
s c r e e n  was  selected for  s e v e r a l  r easons :  It has the maximum bubble point 
obtainable with a n  aluminum s c r e e n  ( s e e  s c r e e n  performance i n  Table 19). 
which gives maximum protect ion agains t  random accelera t ion  per turbat ions  
during use .  While lighter s c r e e n s  with adequate performance could be 
obtained, they would save, a t  most ,  a few tenths of a pound i n  thie s i z e  
sys tem.  This  s c r e e n  type is quite s turdy,  eas i ly  fabricated,  and res i s t an t  
to  w i r e  separa t ion  o r  holing p r o t  l ems  during fabricat ion and installation. 
LO2 - 200-Day 
External  Radiation 
8 Radiative Bumpers  P lus  Spring (Each)  
The s c r e e n  was  instal led i n  the tank by mechanical ly fastening s c r e e n  
panels  to angles  spot welded to the tank wall  a s  shnwn in  Figure  41. The 
angleti w e r e  0 .08  c m  (0.032 inch)  thick aluminum a s  shown. The number  of 
screer;  p a s s e s  was  a r b i t r a r i l y  s e t  a t  32, which was  a convenient mult iple of 
the  number of bumpers,  and which gave panels about 10 c m  (4  inch\ (max) 
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by &3. 5 crn (25 inch), which w a s  a convenient hcndling size.  When the 
s c r e e n  panels w e r e  stretched between the angles a s  shown, using the 
0.08-cm angle thickness a s  the minimum spacing, the equivalent annulus gap 
res idual  w a s  1. 15670 of tank volume. It was  assumed that thin Teflon gaskets  
w e r e  used between the joints to a s s u r e  leak-tightness, as shown in  Figure  4,l. 
Because of the smal l  tank s i z e  i t  would be impract ica l  to a s s e m b l e  the s c r e e n  
ins ide  the finis!ied tank; therefore  the s c r e e n  would be installed in  each tank 
half p r io r  to the final tank g i r th  weld. A gap of 2. 5 c m  (1  inch) (o r  l e s s  i f  
e lectron-beam welding i b  used)  would be left around the tank. The c o d i g u r a -  
tion of the baffle a t  the top of the tank is shown i n  Figure  42, and w a s  made 
i n  two sections and tack-weLded.to. the tank halves. When the tank halves 
w e r e  welded, the baffle halves would overlap a s  shown to prevent  excess ive  
leakage of the TVS mixer  flow. 
Propel lant  Charac te r i s  t ics  
Propellant  Quantity - kg (lb) 
(Ini t ial  - Zero Ullagz) 
Design Tank P r e s s u r e  - ~ l c r n ~  (ps ia)  
Saturation Tempera tu re  - "K 
VR) 
9ensi ty  - k g / m  3 
( lb/f t3)  
Heat of Vaporization - joule /kg 
(Btu/lb)  
Surface Tension - dy.ie/cm 
( lb / f t )  
Viscosity - N -sec /m2  
( lb / f t -sec)  
T h e r m a l  Conductivity - joule /m-sec-"K 
(Btu /h r  -ft-OR) 
200 x 1400 Screen 
Bubble Point - c m  
( f t)  
Flow -Through Coefficients 
A 
B ( f t )  
Roughness Dimension - c m  
(in. ) 
Weight - kg /m2 
(lb/100 ft2) 
LH2 
32.6 
(71. 8) 
27.6 
(40) 
24.2 
(43.6) 
65. 7 
(4. 1) 
4. 14 x lo5  
(1 78) 
1.29 
(0.89 x 1 0 ' ~ )  
1.0 x 10-5 
(0.68 x 10-5) 
0. i l l 6  
(0.0645) 
37. 6 
(1. 233) 
0. 91 
0.6126 
(2.01) 
0.00203 
(0.0008) 
0.259 
(5.3)  
L02 
535.2 
(1  180) 
27.6  
(40) 
101.1 
(182) 
1081.4 
(67. 5) 
1.99 105 
(85. 5) 
10.6 
(7 .3  x 10-4) 
15.3 x 10-5 
(10.3 x 10-5) 
0. 1358 
(0.0785) 
18.75 
(0.61 3) 
0.838 
0.6126 
(2.01) 
0.00203 
(0.0008) 
0.259 
(5.3)  
PRESSURE VESSEL 
200 X 14W SCREEN 
SPOT WELD (TYP) 
SCREEN RETA!NER 
TFE GASKET VYP) BUMPE R 
(REF) 
SCREW - 
SOLID CHANYEL 
SUPPORT ANGLE 
LOCKNUT 
MANHOLE CUTr I \ \ 
NORMAL DIAMETRIC SECTION THROUGH TANK HALF 
BUMPER 
VANE TACK WELED 
Wti -Nos (TYP) 
STAN&.IPE ~ U R  
WELD 7 
42. Tmk top B~M, 0-1.~ 
P r e v i o u s  s tud ie s  of t he  TVS/WSL c ryogen  s t o r a g e  s y s t e m  ehowed the  
TVS pump a r r a n g e d  t o  pump aga ins t  t h e  outflow d i rec t ion  (ref. 6). With 
reasonably  rap id  outflow (-1% tank volume/minute)  unloading would b e  com-  
pleted without r equ i r ing  TVS flow fo r  t h e r m a l  cont ro l .  However,  t he  p r e s e n t  
outflow r a t e  of 0 .0  17" tarlk volume/minute  wae s o  s low tha t  boiling w o ~ l d  
o c c u r  dur ing  the  100 ho , l r s  r equ i r ed  for outflow, and fu r the r ,  e t a g n m t  vapor  
a r e a s  could build up a s  ~ h o w n  in F i g u r e  43. T h e s e  s tagnant  a r e a s  could 
overf low the  sol id  channc 1s and t e s u l t  i n  s c r e e n  breakdown.  r h e r e f o r e ,  i t  
w a s  proposed  tha t  the I'VS pump b e  ope ra t ed  dur ing  outflow in o r d e r  t o  
provide  the  r equ i s i t e  t h e r m a l  contl.01. The  TVS flow d i rec t ion  w a s  a r r a n g e d  
to go up  t h e  s tandpipe and down the  wal l ,  The  outflow w a s  r emoved  f r o m  the  
cold, high p r e s s u r e  s i d e  of t h e  pump, w h e r e  liquid w a s  always p re sen t ,  a s  
shown schemat i ca l ly  i n  F igu re  44. Because  t h e  outflow r a t e  w a s  s m a l l  
compared  t o  t hc  TVS pump flow r a t e  ( - 1 7 ~ ~  as d e s c r i b e d  below) the TVS 
pump flow dis tzibut ion would not b e  not iceably affected by  outflow. 
During coas t ,  t h e  vent flow w a s  expanded to  low p r e s s u r e  and routed 
through the  TVS heat exchanger  and then  the  shield t o  provide  TVS cooling 
and t h e r m a l  protect ion.  I lowever ,  the  LH;! outflow r a t e  wae  !6 t o  56 t i m e s  
the  vent flow &*ate (21 to 180 t i m e s  fo r  t he  LO2) and rout ing the  outflow through 
the  shield vou ld  over load  the  shield flow capac i ty  and r a i s e  the  shield and 
vent heat  exchanger  p r e s s u r e ,  reducing t h e  vent AI' and cooling capaci ty of 
the  heat exchanger .  To campensa t e  for  th i s ,  and provide  adequate  cooling 
dur ing  outflow, the  outflow w a s  expanded t o  a s l ight ly lower  p r e s s u r e  
(dictated by the  flow capac i ty  of the sh ie ld)  and routed through a seconda ry  
heat exchanger  i n  p a r a l l e l  with t he  vent  heat  exchanger  a s  shown in F i g u r e  44. 
All of the  outflow and vent  flow w a s  routed through the  shield and used ,  
resu l t ing  in  no vent penalty dur ing  outflow. Th i s  l a r g e  shleld f lowra te  dur ing  
outflow wculd a l s o  r educe  the r ad i a t ive  heat  flux to  t he  tank  to a v e r y  low value,  
The TVS pump f lowra te  w a s  defined to d e t e r m i n e  the  pump ene rgy  input 
to t he  tank and resu l t ing  "boiloff" a t t r ibu tab le  to the  Z '4s. Initially t h e  I'VS 
flow was  a s sumed  t o  b e  sufficient s o  that  the  d r a g  on  a hemisphe r i ca l  bubble 
n e a r  t h e  heat s h o r t s  would exceed  t h e  bubble s u r f a c e  tension f o r c e  when the 
bubble rad ius  equalled half the angulus gap. This  c r i t e r i o n  resu l ted  in  a 
TVS m i x e r  flow of 6470 tank  volume/minute  in  a l a rge r - tha .n -neces sa ry  annulus 
gap (2tYo) which in t u r n  r e su l t ed  in  e x c e s s i v e  LH2 m i x e r  boiloff (24 .7  kg, 
54. 5 lb)  i n  33 days.  Th i s  w a s  unacceptable;  t h e r e f o r e ,  t he  m i x e r  f lowra te  
w a s  a r b i t r a r i l y  se lec ted  a t  1% tank volume/minute ,  -,nd the flow and p r e s e u r e  
dietributior? i n  the  annulus w a s  de t e rmined  us ing  the  anr l ;  , i s  of Appendix B. 
It w a s  found, fo r  the rr nimum gap of 0 . 0 8 - c m  (0.032-inch) ,  tha t  the  
m i n i m u m  flow in the  annulus,  at  approximate ly  t h e  t ank  midrif ;  w a s  about 
l om5  t i m e s  t h e  des ign  f lowra te  ( s e e  F i g u r e  45).  At a gap of 0. 16 c m  (0 .064  inch) ,  
t he  m i n i m u m  annulus flow w a s  about 0 .04  t i m e s  t h e  design f lowrate .  In o r d e r  
to def ine the  min imum requ i r ed  flow in t t ?  annulus t o  i n s u r e  that forced  con- * 
vect ion heat  t r a n s f e r  w a s  dominant ,  and tha t  the  flow does  not s tagnate  in 
loup-gravity because  of a d v e r s e  buoyancy fo rces ,  the  c r i t e r i o n  of Spa r roc  and 
Gregg  ( r e f .  16) w a s  ueed:  
If t h i s  i s  m e t ,  buoyancy effects  a r e  l e s s  than  5% of t h e  to ta l  heat t r a n r f e r ,  
and the  forced  convection component domina te s .  
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Equation ( 14) was  used as the  c r i t e r ion  t o  de te rmine  t h e  f lowrate based 
on the  velocity in  the  Reynolds number ,  assuming a charac te r i s t i c  (ver t ica l )  
distance o f  0 . 3  m ( 1  ft) in  the  Grashof and Reynolds numbers .  A dimension 
of 0 . 3  m was representa t ive  of the  length of tha region of reduced flow. Thie 
c r i t e r ion  i s  shown in Figure  45  for  both the  LH2 and LO2. Where equation (14) 
c r o s s e s  t h e  minimum annulus flow curve  defines the  requi red  gap: 0.109 cm.  
(0.043 inch) f o r  LH2 and 0. 114 c m  (0.045 inch) for  L a .  The  minimum flow 
was 0.00 19 of the  design f lowrate (0 .005 m31minute) for  the  LHZ and 0.9C3 1 
of the  design flowrate for  the  LOZ. 
The flow in  the  vicinity of the  b u m p e r s  ( in the  sc reened  channels)  was 
m o r e  than 10% of the  design f lowrate ( s e e  Figure  45),  tending t o  reduce  the  
bumper  heating problem, especial ly s ince  m o r e  than 60% of the  flow entering 
the  vicinity !f 5') of the  bumpers  would leave  through t h e  sc reen .  
With the p r e s s u r e  distr ibution in the  annulus and tank specified, the  
t empera tu re  distribution was  analyzed. The c r i t i ca l  problem was  to  de te rmine  
if  t he  radiative heat flux to  the  reduced annulus flow would i n c r e a s e  the  
t e m p e r a t u r e  of the minimum annulus flow above saturat ion,  leading to bubble 
generation within the  annulus. Fortunately, for  the  w o r s e  c a s e  of the  200-day 
mission,  the  radiat ive heat flux was a s m a l l  fract ion of the  to ta l  tank heat 
input. The subcooling produced by the  TVS heat exchanger is thas  0.00492'K 
(0.00885'R) for  the LH2 tank plus a mean  p r e s s u r e  equivalent subcooling of 
0.00005'K (0.00009'R). With h l l  flow in the  annulus, the t e m p e r a t u r e  i n c r e a s e  
due to  radia t ive  heat flux was 0.000153'K (0.000276'R). Becaase  th is  radiat ive 
heat flux was evenly distr ibuted around the  tank, the  m e a n  integrated flow in 
the annulus must  b e  0.0309 of the  design flowrate. The ac tua l  integrated 
annulus flow was  computed t o  b e  0.235 of the  design flowrate, for  a marg in  
of 7 .6 .  A s i m i l a r  calculation for  the  LO2 tank resul ted  in a mean  integrated 
annulus flow requirement  of 0. 142 of the  design flowrate. The ac tual  integrated 
annulus flow f o r  the LO2 tank was  computed t o  b e  0.2425 of the  design flowrate 
for  a marg in  of 1.7. Therefore ,  the  TVS has adequate t h e r m a l  marg in  a t  the  
gaps previously defined for  the  LH2 and LO2 tanks. 
Based on the  c r i t e r ion  of 0. 1 watt minimum input power, the  LH2 TVSIWSL 
sys tem was  analyzed at a minimum gap of 0. 109 c m  (0.043 inch). The  optimum 
standpipe d iamete r  in t e r m s  of minimum pump bailoff and standpipe res idual  
weight was  found t o  b e  0.032 m (0. 105 ft) for  the  200-day miss ion  and 0.023 m 
(0. n76 f t)  for  the  30-day miss ion  (as e h ~ w n  i n  F igure  46). F o r  both of these,  
the pump s i z e  was  below the  minimum power. It was  determined that  the  
most  efficient way to  i n c r e a s e  t h e  power was  to  i n c r e a s e  the  head r i s e  by 
reducing the  standpipe diarnetei-. This  had the  dual favorable effect of 
reducing standpipe weight and residual ,  and requir ing higher pump speeds  
which w e r e  m o r e  eas i ly  obtained. Accordinly, the  standpipe d iamete r  was 
reduced t o  0,0127 m (0.0417 f t)  which gave an input power of just o v e r  
0. 1 watt ( a s  shown in Table 20). 
The LO2 sys tem was  analyzed and the  opt imum standpipe s i z e  is a lso  
e h o - ~ n  in Figure  46. The s y s t e m  charac te r i s t i c s  a r e  shown in Table 20. 
Since the pump input power was  above the  minimum, the  optimized s y s t e m  
was selected.  
An analysis  was performed to define the  pressur iza t ion  requ i rements  and 
the  TVS cooling requi rements  during outflow. Initially i t  was  thought that TVS 
CRW 
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Figure 46. Optimum Standpipe Dstennination 
cooling during outflow could b e  eliminated, and the  heat input f rom the pump 
and heat leaks  used to  help p r e s s u r i z e  the  tank during outflow. However, all 
of these  heat leaks would occur  within the  annulus o r  standpipe, so  that 
vaporization bubbles that occur  would b e  trapped by the  s c r e e n ,  and would 
eventually d r y  out the  TVS flow passage.  Before this  happened, the  increas ing 
vapor fract ion in the standpipe would reduce  the  outflow r a t e  taken f r o m  the  
standpipe. Therefore,  i t  was c l e a r  that  t h e  TVS cooling p r o c e s s  must  be 
continued during outflow to  insure  that  subcooled-to - sa tura ted  fluid i s  avai lable 
fo r  outflow. This  would b e  done with an auxil iary outflow heat exchanger as 
descr ibed previously. 
With the TVS operat ing during outflow, m o r e  flow (the amount of outflow) 
would leave  the  bulk fluid through the  bottom baffle, than would en te r  the  bulk 
f r o m  the top baffle.  Thus, the  s ta t ic  p r e s s u r e  in  the  bulk would slowly 
d e c r e a s e  during outflow. This  would cause  slow vaporization and cooling 
of the  bulk liquid during outflow, and these  vapor bubbles would b e  confined 
$ to  the  bulk ( s ince  they could not penet ra te  the  sc reen) .  The cooled liquid 
would enter  the  sc reen ,  p a s s  through the  standpipe and annulus, m i x  with the  
o ther  bulk fluid, e t c . ,  s o  that the  e n t i r e  tank contents would uniforrr~ly and 
s teadi ly  cool down during out . As the tank cooled, the  tank p r e s s u r e  
8 pow 
would d rop  to  about 12 N/cm (17. 5 psia)  for  the  LH2 tank, and to about 
22 .8  ~ / c m 2  (33 ps ia)  for  the  LO2 tank. Whether p r e s s u r e s  t h i s  low could b e  
to lera ted  would depend on the  LH2/L02 u s e r  requi rements .  F o r  purposes  of 
th is  analysis.  i t  was decided to not include pressur iza t ion  s y s t e m  weights a s  
p a r t  of the  TVS/WSL sys tem.  In the  absence of u s e r  in te r face  requi rements ,  
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it w a s  fel t  that  o the r  a l te rna t ives ,  s u c h  as i n c r e a s i n g  tank p r e s s u r e ,  could be  
employed if higher  de l ivery  p r t - s su re  w a s  requi red .  The  Anal manhole  
a s s e m b l y  des ign  fo r  the  T V S / b S L  is shown in F i g u r e  47. The  b a s i c  manhole 
a t tachment  method used a Marman- type  c l amp ,  and w a s  sea l ed  wi th  e i t he r  an  
O-ring o r  a n  ind ium-wire  s e a l  ring. The  s c r e e n  annulus flow p?,th w a s  sea l ed  
by compress ion-def lec t ion  b e t w ~ e n  two thin m e t a l  r ings ,  as shown. It should 
b e  noted tha t  t h e  s t a t i c  p r e s s u r e  w a s  h igher  outs ide  the  annulus,  s o  tha t  any 
leakage would b e  into the  annulus.  However,  t h e  leakage would b e  downs t r eam 
of t he  s c r e e n ,  and t h e  subcooling f r o m  the  hea t  exchanger ,  and the  long mixing 
zone i n  t he  s tandpipe would tend t o  e l imina te  any vapor  bubbles  which might  
leak  in. With the  T\IS flow u p  the  s tandpipe,  the  pump heat input would b e  
d i r ec t ly  cooled by  the  heai  exchanger ,  and the  long s tandpipe mixing length 
would tend t o  e l imina te  hot and cold spo t s  in t h e  flow b e f o r e  encounter ing t h e  
s c r e e n .  
The pump/moto r  w a s  at tached to  t h e  lower  baffle,  which w a s  contoured 
to give constant  dynamic p r e s s u r e  f r o m  t h e  s c r e e n  t o  t he  s tandpipe,  and w a s  
at tached t o  the  manhole  by vanes  f o r  s t r u c t u r a l  in tegr i ty .  The heat  exchanger  
sec t ion  of t h e  s tandpibe w a s  en la rged  somewhat  t o  r educe  p r e s s u r e  l o s s  around 
the  heat exchanger .  The  outs ide  of t he  heat exchange r  sec t ion  w a s  insulated 
with 0.64 c m  ( 0 . 2 5  inch)  of polyurethane foam to  prevent  condensat ion and 
heat t r a n s f e r  f r o m  the  bulk propel lan t  t o  t h e  co lde r  vent fluid. The  comple te  
TVSIWSL weight ana lys i s  w a s  comple ted  and is d i scussed  in t he  next sect ion.  
Supe rc r i t i ca l  CGSS and TVS/WSL Weight Compar ison .  - The weight 
s u m m a r i e s  compar ing  t h e  s u p e r c r i t i c a l  and TVSIWSL s y s t e m s  f o r  both 
propel lan ts  and  both m i s s i o n s  a r e  shown in Table 2 1. T h e  t ab l e  shows tha t  
the  I'VS/WSL is marked ly  s u p e r i o r  to t h e  s u p e r c r i t i c a l  s y s t e m  for  30 days ,  
but t he  LH2 T V S ~ W S L  is s l ight ly lower  in p e r f o r m a n c e  than  t h e  s u p c r c r i t i c a l  
s y s t e m  f o r  the  200-day mis s ion ,  due  so le ly  t o  l a r g e  boiloff l o s s e s  caused  b y  
the inefficiency of t h e  thermal .  con t ro l  s y s t e m  (and the  TVS pump).  F o r  a 
somewhat  s h o r t e r  m i s s i o n  (-170 days ) ,  t he  TVS/WSL s y s t e m  would again b e  
supe r io r ,  a s  shown in  F i g u r e  48, which plots  p e r f o r m a n c e  r a t io  v e r s u s  mi s s ion  
coas t  t i m e  fo r  t he  h igh-per formance  b u m p e r  t h e r m a l  con t ro l  sys t em.  It c a n  
a l so  b e  s e e n  f r o m  Table 21  tha t  e l imina t ion  of t h e  LH2 TVS pump boiloff fo r  
t he  200-day m i s s i o n  would i n c r e a s e  the  p e r f o r m a n c e  r a t io  by  nea r ly  50%; fo r  
a l l  of the o ther  s y s t e m s  the  TVS pump boiloff w a s  not too significant.  F o r  t h i s  
r ea son ,  t h e  vapor-cooled shield TVS concept  w a s  s tudied only fo r  t he  LH2 t ank  
and f o r  t h e  200-day miss ion .  
It wil l  a l s o  be  noted f r o m  Table  21  tha t  t he  weight of t he  s c r e e n  (WSL) and 
the  annulus r e s i d u a l  w e r e  e s sen t i a l l y  insignif icant  f o r  both t h e  LH2 and LO2 
TVSIWSL s y s t e m s .  It i s  poss ib le  tha t  a p a r t i a l  s c r e e n  could s a v e  a few pounds 
in the  LO2 s y s t e m ,  but the  bulk of t he  weight of t he  WSL s y s t e m  w a s  in  t h e  
supports ,  which would probably n. t change fo r  a p a r t i a l  s c reen .  T h e r e f o r e  
for  t h i s  s m a l l - s c a l e  sys t em,  u s e  of a p a r t i a l  s c r e e n  w a s  not analyzed.  
LH2 Cooled-Shield TVSIWSL Compar i son ;  200-day T r a n s f e r  Mission.  - 
F o r  the i n t e r n a l  m i x e r  TVS, t h e  heat th rough the  heat  s h o r t s  and t h e  hea t  
through the  MLI  cannot b e  dis t inguished,  s i n c e  both are mixed  in te rna l ly  anc? 
vent fluid is ex t rac ted  to  cool  all of t he  fluid in t he  tank. On the  o the r  hand, 
f o r  a cooled-  shield TVS, any hea t  en t e r ing  t h e  tank through hea t  s h o r t s  
cannot b e  removed,  s ince  the  cooled sh iz ld  is e x t e r n a l  t o  t h e  tank. In addition, 
although t h e  m i x e r  TVS can  b e  overdes igned  and run  in t e rmi t t en t ly  ( fo r  example,  
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t o  maintain tank p r e r r u r e  within ret l imi t r ) ,  the  cooled rhield TVS m u s t  opera te  
continuously ( r ince  i t  is intercepting heat - and heat not intercepted cannot b e  
subsequently removed). In o r d e r  fo r  the  tank p r e s s u r e  to  b e  maintained con- 
s tant  when using a cooled r hield TVS, the  heat  leak t o  the  tank mus t  vapor ize  
exactly enough propellant  t o  d isplace  the  liquid requi red  fo r  vent outflow. To 
minimize  the  vent ra te ,  the  heat shor t  heat  leak t o  the  tank m u r t  b e  minimized. 
This is normal ly  accomplished by 1) using long thin low-conductivity supports  
and fluid tabing, and 2 )  where  possible, short ing the  heat  leaks  d i rec t ly  to the  
cooled shield instead of to  the  tank. In the  recond c a s e ,  however, c a r e  m u r t  
b e  taken not to overload the  cooling capacity of the  cooled-shield I'VS. 
Previously,  the  t h e r m a l  control  s y s t e m  was  modified to provide long- 
t e r m  s to rage  capability. The basic,  well-developed tank support  bumper  
s y s t e m  and vacuum jacket/cooled shield t h e r m a l  protect ion sys tem w e r e  
retained, and the  modifications only included reducing the  bumper  conductive 
heat leak by lifting the  tank off the  b u m p e r s  in low-g flight, and adding a 
maximum of one-inch of MLI (to minimize  vacuum jacket and support  changes).  
These  t h e r m a l  control  s y s t e m  modifications had minimum overa l l  s y s t e m  
impact  and gave adequate-to-marginal  t h e r m a l  performance for  the 208-day 
coas t  miss ion  (as descr ibed above). However, if the  heat  shor t  heat  leak 
f r o m  this modified LH2 s to rage  sycitem (0.327 watt (1.  117 Btu/hr) )  entered  
a tank equipped with a cooled-shielcl TVS, all of the  LH2 :would be  vented in 
about 600 hours .  Even if the  radiat ive flux f rom the  bumpers ,  and conductive 
flux along the  plumbing l ines w e r e  s; orted to  the cooled-shield TVS, the  
remaining conductive heat leak of 0. 1245 watt (0.425 Btu/hr)  would vent a l l  of 
the LH2 in about 1,550 hours. 
Clearly,  in  o r d e r  to  obtain a 200-day coas t  capability with the  cooled- 
shield TVS s to rage  sys tem,  fundamental redesign of the  t h e r m a l  control  
s y s t e m  was  necessary .  This  redesign would not only requ i re  minimization 
of the  d i rec t  heat flux to  the tank, but a lso  control  of where  the  heat input 
occurs ,  s o  as to prevent  vapor generation within the  acquisition sc reen .  In 
addition, the  heat leaks  to the  tank and t o  the  cooled shields mus t  b e  balanced 
to  provide the  p roper  operat ing cha rac te r i s t i c s  and efficient u s e  of cooling 
fluid. 
The assumed  redes ign technique was t o  change the  method of tank rup-ort t o  
minimize  the  support  heat  leak, and i s  shown in F i g u r e  49. The a r s u m e d  support  
shown was  a v e r y  long, thin-walled epoxy- r e s in / f ibe rg la r s  tube enclosed in 
an  evacuated tube through the  tank. The support  c r o s s  sect ion was  r ized  to  
support  the  loaded tank under 3 g ' s  in tension i this  support  was  especia l ly  
appropr ia te  for  low-density LH2). Tho s ide  loads w e r e  taken by a spider  of 
t h r e e  thin r t e e l  cables,  of maximum length, top  and bottom. The support  
was  made  of 141 weave S-glass,  1.27-cm (0. 5 inch) d iamete r  with 0.025 c m  
(0 .0  1 inch) wal l  ( the thinnest  wall  which could b e  conventionally fabricated).  
The heat leak down the  support  tube w a r  0.00073 watt (0.0025 Btu/hr) ,  and 
through the  t h r e e  s t e e l  w i r e  supportls O' ,  0078 watt  (0.0266 Btu/hr) .  
Severa l  l a y e r s  of MLI w e r e  used bletween t h e  rupport  and the  tank tube to  
minimize  radiant  heat ieak. The support heat  leak was  inrulated f rom the  
liquid i n  the  WSL annulus, s o  that  bulk liquid evaporat ion occur red .  The w i r e  
rupport  heat leak a t  the  bottom of the  t;:mk w a r  shor ted  to  the  boi ler  rhield a t  
the  shield outlet f r o m  the  tank. The wxre rupport  at the  tank top could b e  
rhor ted  to  the  boi ler  shield s ince  a high conductivity s h o r t  would occur  between 

the  "warmt t  end of the  shield and the  tank, which could a .verse ly  affect boi ler  
t h e r m a l  performance.  Therefor$,  the  top w i r e  support  heat leak went d i rec t ly  
to the  tank, but w a s  re s t r i c t ed  t o  a region of the  tank where  bulk evar.. . -+ion 
was permiss ib le .  This was  achieved by removing the WSL at  the  t h ~ , .  uc :, 
tank where  the  baffle was  in  the  TvS/WSL sys tem,  which would nc . affect 
puddle r e s idua l  following outflow (but would slightly d e c r e a s e  a n n ~ ~ l u s  r e s i d ~ r l ) .  
The p r e s s u r e  rel ief  line was  shorted to  both shields,  and went completely 
around the  tank. The outflow went through the  shield sys tem.  Thus,  t h e  
1 only heat leak  to the  tank was  0.00073 + 0.0078 = 0.00853 watt (0.029 1 Btu/hr)  
which would resu l t  in a LH2 vent r a t e  of 0.00144 kg /h r  (0.003 18 lb /h r )  
( to maintain constant tank p r e s s u r e ) .  With this  vent rate ,  the  maximum heat 
flux which could b e  absorbed by the  boi ler  shield was 0. 1658 watt  (0.566 Btu/hr) .  
I Of this ,  0.00448 watt (0.0153 ~ t u / h r )  entered  through the rel ief  plumbing, and 0.0078 watt (0.0266 Btu/hr)  f r o m  the  bottom w i r e  suppor ts ;  thus  0. 1535 watt 
(0. 524 ~ t u l h r )  could enter  through the  MLI. 
To determine  the  required MLI thickness,  F igure  35 was used to  define 
the  unshielded MLI heat flux for  both one  and two shields (plus the  boi ler  
shield).  The required MLI thickness for  one shield plus boi ler  was  6.76 c m  
(2 .66 inch) ;  f o r  two shields plus boiler,  i t  was  5.23 crn (2.06 inch). The 
difference in MLI weight between the two th icknesses  was 2 .38  kg (5 .25  lb). 
It was assumed that for  2. 5 c m  ( 1  inch) of  MLI plus a total  of two shields,  i 
that the  vacuum jacket s i z e  would not have to be  increased.  Because of the  f i 
e x t r a  MLI needed for  one shield plus boi ler ,  the  vacuum jacket weight would ! 
i n c r e a s e  by 4.08 kg (9.0 lb); for  two shields plus boiler ,  the  vacuum jacket i  
weight would inc rease  by 2 . 9  kg (6 .4  lb).  Thus, the  total  penalty for one  I 
shield plus boi ler  was 2 .38  + 4 .08  = 6.46 kg (14.25 lb); fo r  two shields plus I 
bo i ler ,  the  weight penalty was  the  shield weight of 4. 54 + 2.9 = 7.44 kg 1 
( 16.4 lb). This  assumed that the  shield thickness was 0 .05  c m  (0.020-inch) 
weighing 4. 54 kg ( 10.0 lb). MDAC has fabricated cylindrical  s hields only 
0.0127-cm (0,005-inch) thick, which would weight only 1 .  13 kg (2. 5 lb); 
I 
i 
however, t h e r e  may  be  s e v e r e  fabricat ion problems wir.1 euch thin spher i ca l  
shields,  and therefore ,  the thicker,  but well-developed, 4. 54-kg (10-lb) 
shields w e r e  used for th is  study. The lowest weight s y s t e m  using t h e r e  
sh ie lds  was to u s e  a boiler  plus a single shield with 6.76 c m  (2.66 inch)  of 
MLI. This would a lso  simplify shield instal lat ion problems as well. 
With th is  base l ine  design and heat flux definition, the  boi ler  shield 
configuration, using 1100 aluminum, was defined: with a s ingle p a s s  of 
0.318-cm (0. 125-inch) d iamete r  - 0.0127-cm (0.005-inch) wall  tubing up 
the  s hield ( s e e  Figure  49), the  maximum e hield t e m p e r a t u r e  difference would 
b e  0. +fmK (0.84.R) a t  the  equator.  This  meant  tha t  the  fluid i n  the  boi ler  
c only had to b e  expanded t o  24 ~ / c m ~  (36.25 ps ia)  to provide adequate cooling. 
The outflow could a lso  b e  routed through the boi ler  a t  the  s a m e  p r e r s u r e  and 
t e m p e r a t u r e  by using a l a r g e r  shield outlet flow control  valve. At the  higher 
outflow ra te ,  the  maximum shield t e m p e r a t u r e  differences would b e  reduced 
1 to O.24.K (0.44.R), which would not significantly affect rhield t h e r m a l  
performance.  The maximum p r e s s u r e  drop through the  shield tubing for  
outflow is 0.0028 ~ / c m Z  (0 ,004 ps i ) ;  during venting the  p r e r r u r e  drop would 
b e  much less .  
The r y r t e m  wei,ht analyr i r  for  the  cooled rhield TVS Hz r y r t e m  i r  rhown 
in Table 22, In o r d e r  to compare  the  performance of the  t h r e e  conceptr,  it 
war  assumed that  the  s a m e  ultra-high-performance the rmal  control  r y r t e m  
war  used, including the thicker MLI of 6.76 c m  !2.66 incher)  and a total  of 
two rhieldr .  F o r  the TVS/WSL, t h e  cen t ra l  rtandpipe would b e  annular ,  
rurrounding the  rupport tube and tank tube, which a.'dr a few tenthr of a kg. , 
but which rhould not affect the  fluid dynamic operat ion of the  ry r t em.  Note 
that the cooled-rhield TVS eliminated the  top baffle which s a v e r  0.68 kg 
(1. 5 lb)  compared t o  the TVS/WSL, The moat rignificant hardware  difference 
between the two conceptr war  the  requirement  for  3.45 kg (7. 6 lb) of ba t t e r i e r  
to provide power to the TVS pump. 
A very  interest ing difference appeared in the  boiloff for  the  two conceptr.  
The cooled-rhield TVS had a boi ler  rhield and only one ruperheat  rhield 
and had a boiloff of 6.94 kg (15.3 lb). The TVS/WSL had the  boiler  (heat 
exchanger) inr ide  the  tank and two ruperheat  rh ie ldr  outr ide t h e  tank. In 
addition, becaure  of the pump boiloff (which acted a s  heat rhor t  boiloft), the 
TVS/ WSL had excess  flow through the  two rhie ldr  which reduced the  external  
heat leak boiloff to 3.58 kg (7.9 lb), which, plur the  4 .26 kg (9.4 lb)  pump 
boiloff, gave 7.85 kg (17.3 lb)  of total  boiloff, only 0 .91 kg (2.0 lb)  m o r e  than 
the  cooled- r hield TVS concept. Thue, the  TVS pump/heat exchanger r y r t e m  
effectively compenrated for itself by reducing the external  heat leak. 
Ar rhown in Table 22, the  cooled-shield TVS/WSL concept had ruper ior  
performance.  In addition, th i r  r y r t e m  had a number of operat ional  advantager 
over  the  I'VS/WSL. None of  the heat t r anafe r  p r o c e r r e s  in the  cooled-rhiel? 
TVS w e r e  g-dependent, r ince  they conr i r ted  of conductive heat leakr,  cov 
tion in  the  cooled rhield, forced convection in the  rhield tubing, and r a t  : 
through the MLI. In the TVS/WSL, on the  other hand, while none of t h t  
t r a n r f e r  p roceree r  w e r e  d i rec t ly  g-dependent, the internal  flow which caured 
forced convection war  pumped by the  TVS pump. Unlerr  the  rnnulur and 
rtandpipe w e r e  completely full of fluid, the  TVS pump did not have enough 
head capability t o  move the fluid in  one g, In addition, the p r e r r u r e  and flow 
field in t h e  annulur would b e  different i n  one g than in  low g, which would 
direct ly affect the  forced convection p rocer r .  Thur, it may not b e  por r ib le  
to verify the t h e r m a l  performance of the  TVS/WSL in one-g ter t ing  even with 
the  tank 100% full. The moot significant operat ional  advantage of the  cooled- 
rhield TVS war  that the  r y r t e m  war  completely pas r ive  and the  conductive 
heat t r a n r f e r  p r o c e r r e r  driving the sys tem performance w e r e  e a r d y  analyzed. 
The TVS pump, converrely, war  an act ive unit n e a r  the  l imi t r  of t h e  r t a t e  of 
the  a r t ,  and in which r m a l l  deviations in pump performance (efficiency) could 
have rignificant effectr on overa l l  s y r t e m  performance (pump boiloff). 
Bared on performance advantager and operat ional  verification capability, 
the  cooled-rhield TVS/WSL war  recommended for  the  life rupport  power 
r y r t e m r  s to rage  r y r t em application. 
Shuttle Fuel  Cell  Reactant Supply Syr tem 
The I'VS/WSL and a cooled-rhield TVS/WSL w e r e  compared on the  b a r i r  
of weight with a rupercr i t ica l  power reactant  r to rage  a r r e m b l y  (PRSA) being 
developed for  the  Space Shuttle by Beech Aircraf t  under rubcontract  to 
Rockwell International. The r y r t e m r  w e r e  compared for  the  ba re l ine  7-day 
TABLE 22. - TOTAL WEIGHT SUMMARY (KG), 
HIGH PERFORMANCE SYSTEMS FOR 
H2 TANK AND 200-DAY MISSION 
- 
A. Thermal  Control System 
Cooled-Shield TVS 
I A 1 Vacuum jacket 19.7 
A2 V-C ehielde 9.1 
A3 MLI 11.3 
B. Tankage 
C. Bat ter ies  
D. Hardware  1 44.2 
D l  TVS pump/HEX - 
D2 Standpipe 0 . 2  
D3 WSL 1.2 
D4 WSL rupports/bafflee 8. 6 
D5 Other hardware I 34.2 
E. Total  System ' 
+ Propellant  
I F. ~ o t a l  propellant  I 
'G. Propellant  Residual  I I 
GI Annulur 
G2 Standpipe 
G3 Vapor 
IH. Propellant  Boiloff I I H1 Pump HZ External  
I. Deliverable Propellant 
(lb) 
J. Per fo rmance  Ratio I 
Supercr i t ica l  
Shuttle miss ion  which would requ i re  two each of the  H2 and O2 fuel ce l l  
reac tant  supply units, and the  extended 30-day Shuttle miss ion  which would 
requ i re  eight each of the  H2 and O2 units.  Therefore ,  just the  bas ic  units 
w e r e  compared on the  b a s i s  of weight, and the  total  weight differences for  
the  two miss ions  w e r e  obtained by multiplying by two and eight respectively. 
r h e  bas ic  groundrules for the  analysis  w e r e  that  the  usable  quantity of 
reactant  would b e  kept constant f o r  a l l  t h r e e  sys tems ,  and the  t h e r m a l  control  
s y s t e m  would remxin the s a m e  for  a l l  sys tems.  However, as was  the  c a s e  in 
the  previous section, i t  was  found that  the  t h e r m a l  control  s y s t e m  had to  b e  
modified for  the  cooled-shield TVS t o  allow proper  s y s t e m  operation, a s  
d iscussed ii; subsequent sect ions.  
Power Reactant Storage Assembly (PRSA). - The design fea tures  and 
recluirements of the Space Shuttle fuel  ce l l  reac tant  s u ~ e r c r i t i c a l  s to rage  
ani supply sys tem w e i e  defined in refs .  27 and 28. 
  he hydrogen P R S ~  
consisted of  a 0.2845-cm (0. 112-inch) thick 22 19 aluminum p r e s s u r e  vesse l  
with an inside radius of 52.725 c m  (20.758 inch). The p r e s s u r e  v e s s e l  
was  surrounded by an 0.038-cm (0 .0  15 inch) vapor-cooled aluminum shield 
integrated with MLI, and fur ther  surrounded by a vacuum shel l  of 2219 aluminum. 
The oxygen PRSA consisted of an  0. 1956 c m  (0.077-inch) thick Inconel 718 
p r e s s u r e  v e s s e l  with an inside radius  of 42.461 c m  (16.717 inch). The 
p r e s s u r e  vesse l  was  surrounded by MLI and a vacuum shel l  of 22 19 aluminum, 
but did not have a vapor-cooled shield, s ince  the  minimum dQ/dm requirement  
could be me t  without one. The PRSA per fo rmance  p a r a m e t e r s  ( f r o m  ref. 27) 
a r e  shown in  Table  23. The  average  flow prof i les  requi red  to  supply the 
fuel ce l l s  a r e  shown i n  F igure  50. T h e  fuel ce l l s  operated a t  41.4 ~ / c m ?  
(60 psia) ,  and the  excess  O? in  the  two PRSA's (%41 kg (90 lb) )  was  used for 
cabin a tmosphere  makeup ai 10.3 N/cm2 (15 psia) .  The fuel ce l l s  and PRSA's 
operated con t inuou~ly  during the  7-day mission.  The weight breakdown of the  
PRSA's is shown (c3mpared to the T V S /  WSL) in  Table 28 in a subsequent 
sect ion in  which the s y s t e m  weight compar isons  a r e  presented. 
TVS/WSL System. - In o r d e r  to design an equivalent subcr i t ica l  TVS/WSL 
s to rage  and supply sys tem,  a number  of assumptions w e r e  made:  (1) The 
maximum outside d iameter  of the p r e s s u r e  vesse l s  was  kept constant so  a s  
not t o  per turb  the  size,  configuration, o r  weight o f  the  t h e r m a l  control  sys tem 
(vacuum jacket, MLI, and vapor-cooled shield);  (2)  the  subcr i t ica l  p r e s s u r e  
vesse l s  w e r e  made  f r o m  minimum-gage (0.04 cm,  0 .0  16 inch) 22 19 aluminum; 
(3)  the  weight of the  p r e s s u r e  v e s s e l  support  fitting allowances varied with the  
supported load and inverse ly  with ma te r i a l  s trength.  
With these  assumptions,  and assuming 41.7 kg (92 ib) H2 and 354.3 kg 
(78 1 lb) O2 the  maximunl p r e s s u r e  allowed by density cons idera t ions  was 
22.4  ~ / c m i  (32. 5 ps ia)  for  the  H2 tank, and 23. 5 N/crnZ (34. 1 ps ia)  for the  
0 2  tank; therefore ,  the  eubcri t ical  operat ing p r e s s u r e  was  se t  at 20.7 ~ l c m 2  
(30 psia).  At th is  p r e s s u r e  the  0 .04-cm (0.016-inch) thick tanks had a 
marg in  i .  5 to  2.6 t imes  the  safety factor  used for the  superc r i t i ca l  22 19 alumi- 
num H2 tankage. The weights of the  subcr i t ica l  p r e s s u r e  v e s s e l s  w e r e  
4.45 kg (9.8 lb)  for H2 and 3 .58 kg (7.9 lb) for  02 .  The p r e s s u r e  vesse l  
volumes w e r e  0.623 m3 (27, ft3) for  H2 and 0.324 m3 (1  1.45 ft3) fo r  02 .  
Oxygen Hydrogen 
I 
Fluid Quantity - kg (lb) per  tank I I 
Fluid Allrwancer -kg (lb) per  tank I I I 
Minimum initial fill 
Minimum usable (mission requirement.) 
Depletion unbalance 
Port-loading venting 
24- hour hold 
Initial fill e r r o r  
Residual 
Prelaunch usage 
3 3 Fluid Densities - kg/m ( lb/ft  ) I 
- I 
I 
354.3 (781.0) 
32 1.0 (707.7) 
41. 7 (92.0) 
37.4 (82.5) i 
Flow Rates - kg/hr ( lb/hr)  per  tznk i i 
Minimum initial conditions after fill 
(normal operating pressure)  
Minimum normal (without venting) 
Maximum normal continuous** 
Maximum for 2 minutes* 
Fluid Pressure*** 1 I I 
1113.4 ($9. 5) 
Max relief full flow (tank) - N/cmZ (psia) 
Max relief full flow (tank) - ?4/cm2 ( rig) ! Minimum relief valve crack - Nlcm (prig) 
Minimum relief valve reseat  - N/cmZ (prig) 
Caution and warning high - N/cmZ ( r ia)  
Heater off - N/cm2 (pria) 
5 Maximum normal operating - N/cm (pria) 
Heater on - N/cm2 (psia) 2 Minimum normal operating - N/cm (psia) 
Caution and warning low - Nlcrn2 (psia) 
Minimum operatin interface fo {residual) - N/cm (pria) 
68.9 (4.3) 
* Pres ru re  decay below the minimum normal operating p re r su re  within the ringle- 
phase ragion i s  permitted for this flow rate. 
** The PRSA rtored fluid preeeure shall  be  no l e s s  than the minimum normal 
operating prersure  with the maximum normal continuour flow ra tes ,  except 
in t..e p re rsure  decay density region. 
*** Relief valves utilize ambient p r e r su re  reference. Caution and warning and 
heater control t ranrducerr  utilize abrolute p r e r ru r  referencer.  
4 4 1 ,  r? :7 T.. -** C --.q 
I ' 7 r  
c? ' h d I i . ;  i p !  1 r 1 
. - 
, ! P I  , 
The s u  e r c r i t i c a l  PRSA's  would supply fue l  c e l l s  which opera ted  at P 41 .4  N l c m  (60 ps i a ) .  In o r d e r  t o  u s e  subc r i t i ca l  suppl  tankage at 20 .7  ~ / c r n Z  5 (30 ps i a ) ,  t he  fuel ce l l s  had to be  ope ra t ed  a t  10. 3  N / c m  (15  p s i a )  ( to  allow 
adequate  expansion and cooling tnarg in  fo r  t h e  subc r i t i ca l  TVS). This lower  
fuel ce l l  p r e s s u r e  caused  a  minor  vol tage degrada t ion ,  as shown in F i g u r e  51. 
This  could b e  o v e r c o m e  by adding two addi t ional  c e l l s  weighing 1. 36 kg 
( 3 . 0  lb)  total .  This penal ty was  ilot a s s e s s e d  t o  the  TVSIWSL s y s t e m ;  however ,  
because  the lower  power r equ i r emen t s  of the  TVS, compared  t o  t he  s u p e r -  
c r i t i c a l  P R S A  h e a t e r s ,  ufould s a v e  a t  l ea s t  6. 3 5  kg (14 .0  lb)  of  fuel c e l l  
r eac t an t s .  lt was  noted that  the  e x c e s s  O2 could s t i l l  b e  used  fo r  a t m o s p h e r e  
makeup a t  10. 3 ~ / c m ~  (15 ps i a ) .  
In the  de ta i led  des ign  of a n  expe r imen ta l  t ank  with a  comple t e  WSL, 
desc r ibed  in  Appendix A, i t  w a s  fourid that a pleated s c r e e n  w a s  a  v e r y  
d e s i r a b l e  method of instal l ing a  WSL in  a s m a l l  d i a m e t e r  tank. Accordingly, 
a comple te  pleated s c r e e n  l i ne r  (200 x 1400 a luminum Dutch twil l )  w a s  
a s s u m e d  for  t he  TVS/WSL, configured a s  designed for  the  expe r imen ta l  
tankage i n  Appendix A. The  pleated s c r e e n  res idua l ,  and annulus p r e s s u r e  
and flow d is t r ibu t ion  w e r e  evaluated us ing  the a n a l y s e s  desc r ibed  i n  Appen- 
d ix  D. The r equ i r ed  s c r e e n  pleat  height and number ,  and baffle spacing,  and 
the opt imum standpipe d i a m e t e r  w e r e  de t e rmined  by the TVS f lowra tes ,  which 
w e r e  i -ery m u c h  l a r g e r  than  the outflow r a t e s .  The TVS f lowra tes  w e r e  
p a r a m e t r i c a l l y  va r i ed  and opt imized  fo r  pleat  configurat ions f r o m  0. 3 18 c m  
(0 .  125 inch)  to 0.792 c m  (0. 3 12 inch)  pleat  heights,  accord ing  t o  two 
c r i t e r i a  - ( 1 )  absolu te  m i n i m u m  TVS pump power  (0. 1  wat t )  and ( 2 )  c u r r e n t l y  
obtainable  m i n i m u m  TVS pump power ( 1  wat t ) .  F r o m  ref .  9 ,  subs tan t ia l  
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development would b e  required to achieve 0.1-watt pumps for LH2 and LO2, 
while pumps current ly  exist  which can b e  operated at  about 1-watt input power. 
The charac te r i s t i c s  of the  TVS pump for  the  two power levels  a r e  ehown in 
r a b l e  24. The 1-watt pumps did not impose  a significant weight penalty on 
the  systern, especial ly since the pump heat load, together with the  external  
heat load, could be absorbed by the vaporized outflow in a TVS heat exchanger 
in  the  standpipe. Therefore,  the  "external  and pump boiloff" w e r e  not r e a l  
penalties t o  the  system. Fur ther ,  it was  found that  the  1-watt pumps allowed 
u s e  of a s m a l l e r  pleat  height and equivalent annulus gap, with a net savings 
of 0.91 kg (2.0 lb) of res idual  in the  0 2  tank. F o r  these  reasons ,  the  1-watt 
pumps w e r e  recommended for the  Shuttle rVS/WSL sys tem.  
The minimum vent flow requirement  was  about 40 t imes  less than the  
maximum outflow requirement ( s e e  Table 23), and therefore  i t  was not 
considered feasible to in tegra te  the  vent flow and outflow into one  sys tem 
(because of the  difficulty of controlling such a wide flow variat ion) nor  was  it 
feasible to u s e  the  outflow for TVS cooling because  of the flow uncertaint ies.  
Instead, a para l le l  vent/outflow sys tem was  designed (F igure  52) with only 
the  minimum vent flow being throttled to 13.8 ~ / c m Z  (20 ps ia)  and used for 
TVS cooling. The vent flow was  routed to the downstream s ide  of t h e  outflow 
regulator  (which maintained 13.8 N/  cm2 (20 ps ia)  supply to the fuel cel ls ,  
fu r the r  regulated to opera te  a t  10. 7 ~ / c r n z  (15 psia. ) Outflow requirements  
above the minimum flow w e r e  supplied by demand through the outflow regula- 
t o r  which opened ( o r  closed) a s  needed to maintain 13.8  ~ / c m 2  (20 ps ia )  a t  
the  s y s t e m  outlet. The outflow w a s  not expanded but s imply flowed out along 
the cooled shield, ganged together with the vent flow line. The TVS heat 
exchanger w a s  assumed  to be 0.318-cm (0.125-inch) d iameter  0.025-cm 
(0.0 1-inch) wal l  aluminum tubing. The laminar  forced convection heat t r ans -  
f e r  coefficient ins ide  the tube w a s  controlling, s ince  the pumped flow up the 
stand++ w a s  highly turbulent with a much l a r g e r  heat t r ans fe r  coefficient. 
Table 25 shows the  important  TVS p a r a m e t e r s .  The TVS heat exchanger 
a r e a  was  determined s o  that in ternal  two-phase heat t r ans fe r  occurred between 
a vent iluid quality of 570, af ter  expansion, and a quality of 8570, which m a r k s  
t rans i t ion  f r o m  annular  flow to m i s t  flow (ref .  15). Lee Co. Viscojet fluid 
expanders w e r e  identified which would give the  c o r r e c t  vent flow r a t e s  when 
expanding f rom 20. 7 N/cm2 (30 ps ia )  to 13.8  N/cmZ (20 psia).  The weight of 
the TVS hea.t exchangeer sys tem is tr ivial ,  as ehown i n  Table 25, and w a s  
accoun,.ed for  i n  the weignt compar ison shown below. 
-he p ressuran t  assumed was  helium gas, s tored at ambient conditions - 
2. .'K (400°R) and 2070 ~ / c r n ~  (3000 ps ia)  -which minimized problems of 
helium fill  and s y s t e m  checkout operat ions,  compared to cold helium storage.  
The helium could, however, b e  used cold in  the  H2 and 0 2  tanks by  being 
cooled to the tank t empera tu re  in an in-tank heat exchanger, as shown i n  
Figure  52 Using the  sensible heat of the  helium to vaporize propellant to 
p r o v i d ~  tank pressurizat ion,  reduced the  helium required  by a factor  of 4 in 
the  3 2  tank, and by 4070 in the  0 2  tank. Thus the  helium required  was  only 
0. b2 kg (1 .8  lb) (total for one HZ and one 0 2  tank) which could b e  s to red  in a 
u. 34-m (1. 12-ft) d iameter  t i tanium sphere  weighing 5.44 kg (12.0 lb). 
Because of the  v e r y  low u s e  ra tes ,  the  helium would b e  expanded isothermal ly  
f r o m  2070 N/crnZ (3000 ps ia )  to 207 ~ / c m 2  (300 pbia). The in-tank heat 
exchangers would tend to be i m m e r s e d  i n  iiquid, and w e r e  located where  
?:hey w e r e  fur thes t  f rom the screen.  
TABLE 24.- DESIGN TVSIWSL SYSTEM AND PUMP 
CHARACTERISTICS, 7-DAY MISSION 
I 
TVS Pump Head - 
c m  (ft) 
Annulus loss  
Baffle l o s s  
Standpipe loss  
Pump flowra e - 4 m3 /,in ( f t  Irnin) 
Pump efficiency (Yo) 
Pump input power 
(watt) 
Pump boiloff - kg 
( W a  
External  boiloff - 
kg (w* 
Pump speed ( rpm) 
Pump diameter - 
c m  (ft) 
Pump weight - kg 
(lb) 
Motor weight - kg 
(lb) 
Optimum Standpip- 
Diameter - c m  (ft) 
Standpipe res idua l -  
kg (lb) 
Annulus Gap (Equiv) - 
c m  (in. ) 
Annulus residual  - 
kg (lb) 
Standpipe Weight - 
kg (lb) 
Screen Weight - 
kg (lb) 
P lea t  height - 
c m  (in. ) 
Number of pleats 
*Equivalent heat input 
0. 1 watt 
1.14748 
(0.037647) 
(0. 007908) 
(0.007368) 
(0.022371) 
0.0224 
(0. 792) 
2. 65 
0.1 
0.1506 
(0. 332) 
2.891 
(6.373) 
562 
4.39 
(0. 144) 
0. 16 
(0.36) 
0.003 
(0.007) 
3.26 
(0. 107) 
0.06 
(0. 13) 
0.36 1 
(0. 142) 
0.86 
(1.90) 
0.26 
(0. 57) 
1.21 
(2.67) 
0.742 
(0. 312) 
42 0 
0. 1 watt 
0.28203 
(0.009253) 
(0.001791) 
(0.001066) 
(0.006396) 
0.0058 
(0.206) 
2.69 
0.11 . 
0.328 
(0.723) 
19.11 
(42. 13) 
385 
3. 17 
(0. 104) 
0.077 
(0.17) 
0.005 
(0.0 10) 
2.44 
(0.08) 
0.44 
(0.97) 
0.361 
(0. 142) 
9.12 
(20. 1)  
0. 15 
(0.33) 
0.79 
(1.74) 
0.792 
(0. 312) 
3 40 
H2 
1. 0 watt 
8.03340 
(0.263563) 
(0. 094593) 
(0.129725) 
(0.039245) 
0.106 
( 3.74) 
8.81 
1.06 
1.496 
(3.297) 
2.891 
(6.373) 
1113 
5. 85 
(0. 192) 
0. 32 
(0. 70) 
0.02 
(0. 045) 
5. 18 
(0. 17) 
0. 15 
(0.33) 
0.280 
(0. 114) 
0.69 
(1. 52) 
0.44 
(0. 97) 
1.21 
(2.67) 
0.635 
(0.25) 
525 
O2 
1. 0 watt 
1.48081 
(0. 048583) 
(0. 021 75) 
(0.016785) 
(0. 010048) 
0. 0324 
(1. 145) 
8. 57 
1.00 
3.0 
(6. 61) 
19.11 
(42. 13) 
566 
4.94 
(0. 162) 
0.213 
(0.47) 
0. 03 
(0. 067) 
4.21 
(0. 138) 
1. 31 
(2. 88) 
0.280 
(0. 114) 
7. 3 
(16. 1) 
0. 28 
(0.61) 
0. 79 
(1.74) 
0.635 
(0. 25) 
42 5 
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The in-tank heat exchanger was  analyzed, and it was  found that  about 
30 c m  (1  f t)  of 0 .3  18 c m  (0. 125-in) d iamete r  tubing was  all that  would b e  
requi red  t o  cool  the  helium to  propellant t empera tu re .  However, 60 to  90 c m  
of tubing would b e  used as shown typically in Figure  52. Control  of t h e  v e r y  
low helium flow rates could b e  a problem,  but it was  envisioned that  tho s a m e  
regula tor  controlling the  propellant outflow could simultaneously control  the  
hel ium inflow (F igure  52). This  would r e q u i r e  s o m e  component development, 
and, although the  idea  appears  feasible, was  not fu r the r  pursued in  th is  study. 
The problem of low-g gaging of the  propellant quantity was  addressed.  
With superc r i t i ca l  tankage th i s  problem is obviated because  a capacitance 
probe can conveniently de te rmine  the  single phase  densi ty and conver t  i t  
to  propellant m a s s .  Such a probe  would not work with a subcr i t ica l  two-phase 
fluid i n  low-g, however, because  liquid would s t ay  in the  capacitance probe  
(the minimum energy configuration) and thus the  s y s t e m  would always 
indicate "full". However a propellant  m a s s  gaging sys tem has been developed 
by the  Genera l  Nucleonics Division (GND) of Tyco Labora tor ies  which could 
b e  a s e d  in  ze ro -g  ( ref .  29). 
GND has been supplying m a s s  quantity and density gaging s y s t e m s  t o  the  
government and industry s ince  1966. The a i r c r a f t  oi l  quantity gaging sys tem,  
for  example, has been in use  c?  over t h r e e  thousand a i rc ra f t  throughout the  
world for approximately t en  y e a r s .  They have a lso  developed a liquid m a s s  
quantity gage for  u s e  in the  space  environment. The specif ic  gaging s y s t e m  
required was  to  provide continuous t e l emet ry  output s ignals ,  indicating the  
to ta l  pounds of hydrazine fuel remaining in  each  of t h r e e  tanks on the  space-  
craft .  The ini t ial  capacity of each tank was approximately 4 1 kg (90 lb) of 
hydrazine. The gaging s y s t e m  provided a ve ry  accura te  reading, was non- 
contacting and light, and had a low power drain.  Accuracy values for  the  
cu r ren t  application w e r e  f 370 of full volume n e a r  full tank, improving to  
f 0.370 of full  volume n e a r  empty tank. The gage was  instal led completely 
external  to the  tank being gaged; in fac t  i t  did not even come  into physical  
contact with the  tank. The complete gaging s y s t e m  for  a s ingle tank weighed 
less than 1 .4  kg and the  wors t  c a s e  power dra in  was  less than 1.75 watts.  
The gaging s y s t e m  was  a m a s s  quantity measur ing device, a d  being m a s s  
sensi t ive,  it could m e a s u r e  any type of liquid once i t  had been ca l ibra ted  for 
that liquid. Fur ther ,  the  measurement  was independent of liquid densi ty 
changes in  the  fluid due to  t e m p e r a t u r e  effects and/or  aera t ion  of the  fluid. 
Also, within a defined e r r o r  envelope, the m a s s  quantity measurement  could 
b e  made independent of the  tank attitude with r e spec t  to  gravity fo rces ,  and 
independent of the  fluid location within the  tank in a ze ro  gravity environment. 
The gage was  comprised  of t h r e e  assembl ies ,  a radioact ive s o u r c e  
assembly ,  a detec tor  assembly ,  and an  e lec t ronics  unit. When instal led,  
t h e  source  as sembly  was typically located nea r  one  s ide  of the  tank and the  
detector  assembly  was  located on the  opposite s ide  of the  tank. The e lec t ronics  
unit could b e  located in any convenient place and was  connected to  the  de tec tor  
aeaembly  through a low capacity coaxial  cable. F o r  application t o  the  T'VS/ 
WSL, the  s o u r c e  and detec tors  could b e  mounted f rom t h e  g i r th  r ing  supporting 
the  vacuum jacket,  thus being outside the  MLI blanket. The s o u r c e  assembly  
configuration would b e  a s m a l l  d iamete r  tube containing a s m a l l  quantity of 
Krypton-85, an ine r t  radioact ive gas. In the  TVSIWSL application, i t  was  
a 0.318-cm (0. 125-inch) d iamete r  aluminum tube, 190-250 c m  (75-100 inch) 
in length containing 500 mill icuries of Krypton-85 (2. 5 mi l l icur ies  gamma 
equivalent), and weighing about 0 .05 kg (0. 1 lb). 
The detector assembly contained an extremely re l iable  and rugged i~ed  
Gieger-Muller (GM) tube in an assembly that was approximately 0 .85-cm 
(0.33 inch) in d iameter  and 19 c m  (7- 112 inch) long. This was the same 
detector assembly that was used in the a i rcraf t  oi l  quantity gaging sys tems.  
The detector assembly, in addition to meeting the requirements for  spacecraft  
application and qualification, had passed al l  of the requirements of MIL-0-38338 
whicll included temperature  ex t remes  of 233'K to 478'K (-40'F to + 400'F) and 
vibration levels  a t  the resonant frequency of the GM tube center  w i r e  (anode) 
of 20 gls .  All detector assembl ies  were  subjected to 100% environmental t e s t -  
ing p r io r  to  acceptance which included vibration, temperature ,  and operating 
voltage extremes.  Two detector assembl ies  pe r  tank would weigh about 
0. 11 kg (0.25 lb). 
The electronics unit supplied the anode voltage to the detector,  processed 
the detector output pulses,  and supplied the measurement  output voltage f rom 
the gage to the te1eme:ry systern. The unit weighs 1. 2 kg (2. 65 lb). 
The character is t ics  of the sys tem a r e  shown in Table 26. The sys tem 
accuracy was  comparable to  that required of the capacitance probe in the 
PRSA ( s e e  Table 22) and the weight was  probably l e s s  than that of the 
capacitance probe. It appears  that this completely developed and qualified 
sys tem could be directly used for the subcri t ical  TVSIWSL. 
Cooled-Shield TVSIWSL System. -The problem of replacing the TVS 
pump sys tem with a cooled-shield TVS was addressed.  This would be 
des i rable  in that rotating machinery in the tank would be eliminated, along 
with a cost ly development p rogram for the pump. Use of a cooled-shield 
TVS for tank the rmal  control  would require  that the heat  input to the tank be 
carefully controlled in o rder  t o  maintain tank p r e s s u r e  c onv tan t during outflow 
a t  the minimum outflow rate.  The  di rect  heat input t o  the tanks would have to 
be l imited to 0. 145 watts  (0.495 Btulhr)  f o r  the H2 tank, and 0. 125 watts  
(0.425 Btu/hr)  for  the 0 2  tank. The heat inputs into the PRSA's were  2.05 
watts  (7  Btu/hr)  for  the H2 tank, and 6.44 watts  (22 Btu lhr )  fo r  the 0 2  tank. 
I t  was  not known what proportion of the heat  input came through the MLI (and 
which could be stopped) and what proportion entered through d i rec t  heat 
shor ts  to  the tank. The tank support  sys tem and MLI sys tem for  the PRSA 
were  not then designed (effort was  then being expended on p r e s su re  vessel  
development) and no detai ls  of these sys tems  we re  available. Therefore ,  a 
c ompletely new tank support and MLIIshield sy s  tem was  designed for the 
cooled shield TVSIWSL system,  patterned after  the f iberglass  support tube 
and guy-wire sys tem shown in Figure  49. The support sys tem was designed 
to the c r i t i ca l  loading g-levels  given in ref. 27, and the sys tem design 
pa r ame te r s  a r e  shown in Table 27. The sup ~ o r t  tube was  a n  epoxy/ 141 
S-glass laminate with an  ult imate strength oi 137,900 N /cm2 (zOO,OOO psi)  
(LH2) to 155,138 ~ / c m ~  (225,000 psi)  (LO2), and the guy w i r e s  we re  high 
strength s ta in less  s t ee l  (17-7 PH) with an ultimate strength of 137,900 ~ l c r n ~  
(200,000 psi) .  The MLI sys tem was  designed to provide the maximum heat  
flux which could be absorbed by the vent fluid boiling within the shield. Note 
that because a cooled shield was  used on the O2 tank, the MLI requirement6 
were  minimal. The MLI ?,ssumed was  double -aluminized-mylar with B4A 
dacron net  space r s  a t  40 l aye r s  / cm  (100 layers l inch) .  The cooled shields 
TABLE 26. - GAGING SYSTEM SPECIFICATIONS 
w e r e  a s s u m e d  t o  be  0.0381 - c m  (0.015-inch) thick 1100 a luminum with * 
0. 3 1 8 c m  (0. 125-inch) d iamete r  x 0.025-cm (0.01 -inch) wa l l  vent flow tubing 
i n  one pass .  All  of the MLI and shield design p a r a m e t e r s  w e r e  eas i ly  
achievable. The p ressur i za t ion  and gaging eys tems  w e r e  identical  to those 
evaluated f o r  the TvSIWSL. The total  s y s t e m  weight compar ison is p re ren-  
ted in  the following rection. 
Type 
Accuracy 
Weight 
Volume 
Input Power  
Output 
P a r t s  
Radioactive 
Source  
Safety 
Reliability 
Qualification 
Environment s 
-- 
Noncontacting nucleonic mass quantity gage. 
Nominally 3 to  0.370 of full volume o v e r  the  envi- 
ronmental  conditions, including z e r o  gravity. 
L e s s  than 1.36 kg (3.0 lb)  
Sys tem - approximately 983 cm3 (60 in. 3, 
Elec t ronics  unit - approxinlately 787 cm3 
(48 in. 3, 
Nominal 25 VDC unregulated (18 to  32 VDC). 
Power  d ra in  l e s s  than 1.75 watts  under any and a l l  
environmental conditions. 
0.0 VDC full to  5.0 VDC empty (ca l ibra ted) .  
Established rel iabi l i ty (ER)  and JAN-TXV par ts .  
Krypton-85, 500 mi l l i cu r i e s  (2. 5 mi l l i cu r i e s  
gamma equivalent). 
Meets the  radiation safety r equ i rements  of the  State 
of California, the  Atomic Energy Commission,  and 
MIL-0-38338. 
Calculated M TBF in excess  of 25,000 hours. 
Tempera tu re :  -40'C t o  204.4'C (-40'F t o  400aF), 
de tec tor  
- 1. 1'C to  7. l'C (30'F t o  1 6 0 * ~ ) ,  
e lec t ronics  
P r e s s u r e :  TO 10-5 m m  ~ g .  
Humidity: To 9 570. 
Vibration: 20 g ' s .  
EMI: MIL-STD 461 for ID equipment. 
Shock: MIL-STD 810, Method 516, 
P r o c e d u r e  III. 
I Fiberg lass  Support Tube I 
TABLE 27. - COOLED SHIELD TVS TANK SUPPORT 
AND THERMAL CONTROL SYSTEM PARAMETERS 
- 
Tank Support Sys tem 
Safety facror 
Wsi ght (in#*luding end 1::4 (0 .09)  , x 5  (0 .1 )  
f i t t ings)  - kg ( lb )  
I 
Diameter  - c m  (in. ) 
I Wall thickness - c m  (in. ) 
Heat flux - watts  ( B t u l h r )  
Max s t r e s s  - N / C I Y ~ ~  (ps i )  
(3. 3 g '  s - tank full) 
H2 L O2 
I 
1.27 (0. 5) ' 1.27 (0. 5) 
Guy Wires (4) 
Safety factor  
Weight (including end 
fitt ings) - kg (lb) 
0 .025 (0 .01)  
0.00069 (0.00236) 
16,686 (24 .200)  
I 
Thickness - c m  (in. ) 
A r e a  - m 2  (ft2)  
Weight - kg (lb) 
Heat flux - watts ( Btu/hr! 
0.038 (0.015) 
0 .00  104 (0.00356) 
77,224 ( 1  12, '300) 
0. 152 (0.06) 
30. 5 (12 .0)  
0.0387 (0. 132) 
Diameter  - c m  (in. ) 10. 076 (0. 03) 
I Cooled Shield TVS I I i 
Lergth  - c m  (in. ) 
Heat flux - watts  ( B t u l h r )  
Thickness - c m  (in. ) 
A r e a  - m2 (ft2)  
Tube spacing - c m  (f t)  
Tube length - cm !it) 
Total  weight - k5 ( lb)  
36. 8 ( 1.1. 5) 
0 .0  1 (0.3343) 
Maximum s t r e s s  - ~ / c m Z  (ps i )  
(0. 75 g ' s  - tank full) 
Sys tem Weight Comparison. - The unit weight compar ison for  the PRSA, 
the TVSIWSL, and the ooled-shield TVS/WSL is shown in Table 28. The 
weight of the s c r e e n s ,  , r ff les ,  and s c r e e n  assembly  r ings  f o r  the WSL'r 
w e r e  defined based on the pleated s c r e e n  assembly  design shown in Appendix C. 
The standpipe would not be requ i red  fo r  the cooled-shield TVS, b s t  would be 
re ta ined to  surround the f ibe rg lass  suppor t  tube. The s c r e e n  pleat  height 
48,780 (7'0,748) 1 84, 584 (122,674) 
TABLE 28, - WEIGHT SUMMARY (KG), SHUTTLE 
FUEL CELL REACTANT SUPPLY 
could be reduced, thur reducing the annulur reridual, but i t  war  of a con- 
venient fabrication rize a t  0.64 c m  (0. 25 inch), and rince the reridual war 
minimal, and not critical, i t  war left the rame. The baffler, a l r o  not needed, 
were retained to dirtribute the rupport loadr to the p re r ru re  w r r e l .  Thur 
the weight of item 10 of Table 28 war conrervatively kept conrbn t  compared 
to the TVS/WSL. 
1. P re r ru re  verrel  
2. Outer rhell 
3. Girth ripg 
4. Surponrion r t rapr  
5. Vapor -cooled rhield 
6. MLI 
7. a a n t i t y  probe-temperature renror 
and internal plumbing 
8. Internal heater,' mounting rtructur., 
and temperature renror 
9. Electrical b r n e r r  and Vac-ion pump 
10. Screen, baffler, rhndpipe, and 
rupport ring8 
11. TVS, pump, motor, HEX 
12. Prerruriaa*ion ryrtem (total), He rphere 
and rupport divided equally 
13. Total ryrtem 
14. Total propellant 
Depletion unbalance 
Port  -loading venting 
24-hour hold 
Initial fill e r ro r  
Prelaunch urage 
Reridual 
A nnulur , puddle, r tandpipe (liquid) 
Vapor reridual 
15. Urablo propellant 
7-day mirrion (lb) 
30-day mirrion (lb) 
The weightr of itemr 7 and 9 were held the rame for a l l  three ryrtemr. 
In actuality, the weightr for there i temr would almort  certainly be reduced 
for the TVS/WSL, and cooled rhield TVS/WSL, r o  that the weight8 rhown a r e  
Cooled -Shield 
TVS/Pleatod TVS/Pl.ated 
H2 
33.5 
19.8 
20.7 
6.5 
4 1 
1.7 
3.2 
1.7 
3.4 
0.0 
0.0 
0.0 
- 
94.6 
41.8 
0.9 
0.0 
0.4 
1.3 
0.1 
0.0 
. 1.7 
37.4 
O2 
3.6 
11.4 
18. 7 
0.2 
2.9 
0.8 
3.0 
0.0 
3.4 
1.5 
0.0 
4. 8 
-
50. 3 
354.3 
7. 2 
0. 7 
2. 7 
10. 9 
0. 7 
7. 5 
0.8 
323.8 
PWSA WSL WSL 
4.4 
18.7 
7.0 
0.0 
1.6 
3.0 
3.4 
3.4 
0.0 
0.0 
0.0 
--  
91.0 
354.3 
7.2 
0. 7 
3.2 
10.9 
0.7 
0.0 
10.6 
321.0 
20.7 
0.2 
4.3 
2.3 
3.2 
0.0 
3.4 
2.2 
0.0 
5.0 
- 
66.1 
41.9 
0.7 
0.0 
0.4 
1.3 
0. 1 
0.7 
1.3 
' 37.4 
I 
20.7 I ' ? , 7  
6.5 3 
4.1 
1.7 
3.2 
0.0 
3.4 
2.2 
0.5 
5.0 
71. 5 
42.1 
0.7 
0.0 
0.4 
1.3 
0. 1 
0.9 
1.3 
37.4 
0 
w 
3.0 
0.0 
3.4 
1.5 
0.4 
4. 8 
-- 
55.4 
354.3 
7.2 
0.7 
2.7 
10.9 
0.7 
8.8 
0.8 
322.5 
conservative for these two sys tems.  Table 28 adicated that for  the 7-day 
Shuttle mission,  using two H2 and two 0 2  tanks,  the TVSIWSL would save 
117 kg (258 lb) relative to the PRSA, and for  the 30-day extended missior.,  
470 kg (1033 Ib) of weight savings. The cooled-shield TVS/WSLwas even 
lighter than the TVSIWSL and would save 139 kg (305 lb)  compared to  the 
PRSA for  the 7-day baseline miss ion and 556 kg (1220 lb) for  the extended 
30-day miss ion .  
Spacelab Atmosphere Supply System 
The Spacelab atmosphe: 5 supply sys tem analyzed consisted of hiqh- 
p r e s s u r e  2070 ~ / c r n Z  (300G psi)  N2 and 0 2  g:~rl ~ i , ~ ) r e d  in  0.64-cm (0. 25- 
inch.) wall,  53. 3-crn (21-inch) d iameter  high-strength maraging s tee l  spheres ,  
and regulated to low p r e s s u r e  for  a tmosphere  makeup. Details of the sys tem 
were  f-und i n  ref. 30. The baseline sys tem was  sized fo r  a 3-man c rew for  
7 days. There  we re  some c onsidt rat ions f o r  tieing the Spacelab atmosphere 
supply sys tem into the Shuttle life support and fuel ce l l  reactant  supply 
s y ~ t e m s  (for O2 only) fo r  supplemental supply fo r  lorrger miss ions  and f o r  
backup. 
Extension of the mission to 30 days would require  quadrupling the baseline 
s torage requirements.  This study analyzed a3d defined the weight comparison 
between a subcri t ical  cooled shield TVS/plea ted sc reen  l iner  sys tem and the 
high p r e s su re  gas  atmosphere supply sys tem for the Spacelab 30 -day e-<tended 
mission. The capacities of the subcr i t ica l  tanks were  determined bas.; 1 on 
supplying four t imes  the usable capacity o i  the gas  s t c rage  sys tem (30-day 
miss ion requirements)  plus 970 residual/unavailable (es t imates  based on 
Shuttle fuel ce l l  reactant  aupply sys tem study above) plus 570 initial ullage. 
The character is t ics  of the tanks (both high p r e s su re  and sul;:ritica!) a r e  
shown in  Table 29. 
F o r  commonality of construction, the subcri t ical  O2 tank was  a rb i t ra r i ly  
made the same s ize  a s  the N2 tank, with the resu l t  that i t  was  sligLtly over -  
sized fo r  the O2 requirements.  The O2 and N2 sys tems  we re  made identical 
and interchangeable. At an operating p r e s su re  of 27.6 h / c m 2  (40 psia) ,  a tank 
wall thickness of 0.025 cm (0.01 inch) resulted in a safety factor of 3. 1 for  
the 2219 aluminum subcri t ical  tanks. A basic assumption was  that the thermal  
protection sys tem to be used would be identical in concept t o  that used in the 
Shuttle fuel cel l  reactant  supply. This  sys tem consisted of a vacuum jacket, 
g i r th  ring, suspenfiion tubelguy wi re  supports, vapor-cooled shieid TVS 
integrated with MLI, and a s imi la r  vent/outflw/pressurizatio~~ sys tem to the 
Shuttle TVSIWSL described previously. 
The vacuum jacket weight was  conservatively rzt ioed f rom the Shuttle 
sys tem s ize  by the d iamete rs  squared,  and the gir th r ing and internal  
plumbing weight by the ra t io  of d iameters .  A coxnmon MLI sys tem was  
designed for use  on ei ther O2 o r  N2 tank. The MLI was  optimized b a ~ e d  on 
the minimum N2 flow requirements  of 1.055 kg/day (2.325 Ib/day) for  leakage 
makeup ( ra the r  than the leakage /breathing O2 requirements  of 2.807 kg/day 
(6. 189 lblday)) ,  and gave 0. 5 c m  (0.2 inch) of dcable -aluminized mylar  /B4A 
dacron net  MLI, weigt.ing 0. 59 kg ( 1. 3 lb). The low-pressure  controls  and 
distribution sys tem weight was  kept the same a s  for the gas sys tem,  and the 
e lec t r i ca l  ha rness  and Vac-ion pump weighta were  assumed to  be the same a s  
for  the Shuttle system. 
TABLE 29. - TANKAGE CHARACTERISTICS; SPACELAB 
ATMOSPHERE SUPPLY AND 30-DAY MISSION 
. 
Vacuum Shell OD - c m  (in. ) 1 76.2 (30.0) 1 76.2 0 0 . 0 )  
High-Pressure  Gas 
Tank ID - cnl (in. ) 
Volume - m3 (ft3) 
2 P r e s su re  - N l t m  (psia)  
Capacity, total - kg (lb) 
Capacity, usable - kg (lb) 
The pleated sc reen  l iner (200 x 1400 aluminum) was  constructed identically 
t o  the Shuttle sys tem except that the pleat  height was  reduced t o  0.478 c m  
(0.188 inch). Because of the low use  r a t e s ,  there  was  no  problem found with 
safety fac tors  during outflow in  low-g. The total sys tem weight summary  and 
comparison is shown in Table 30. The liquid f i l l  e r r o r s  and depletion 
unbalances we re  assumed a t  the percentages of the Shuttle system. The 
venting/prelaunch usage and 24-hour hold quantities w e r e  based on 24-hour 
c rew consumption with no  atmosphere leakage. Table 30 indicates that for  
the 30-day mission, 349 kg (770 lb) out of 442 kg (975 lb) of ine r t  eyetem 
weight u-ould be saved by r 'ng subcri t ical  s torage with a cooled shield 
TVSIWSL. 
N, 
53.3 (21.0) 
0.0795 (2.806) 
2069 (3000) 
17. 56 (38. 72) 
15. 68 (34. 57) 
Weight - kz (lb) 1 49. 14 (108.33) 
Subc r i t ical  Liquid 
Tank ID - cm (in. ) 
i 
56.34 (22. 18) 
Volume - m 3  (ft3) 0.0936 (3.306) 
2 P r e s s u r e  - N/cm (psia)  27.6 (40) 
Wall thickness - c m  (in. ) 0.025 (0.01) 
Capacity, total  - kg (lb) 68. 6 (151.3) 
Weight - kg (lb) 1.0 (2.2)  
TABLE 30. - WEIGHT SUMMARY (KG), SPACELAB 
ATMOSPHERE SUPPLY AND 30-DAY MISSION 
*Four p r e s s u r e  v e s s e l s  required  for  each g a s  
1. P r e s s u r e  vesse l ( s )*  
2. Hi -p ressure  regula tors  
3. Lo-pressure  controls  and 
distr ibution 
4. Outer  shell 
5. Girth r ing 
6. Suspension sys tem 
7. Cooled-shield TVS 
8. MLI 
9. Quantity gaging and in ternal  
plumbing 
10. Elect r ica l  ha rness  and 
Vac-ion pump 
11. Screen, baffles, and 
support  r ings 
12. P ressur iza t ion  s y s  t em 
13. Total  
14. Total sys tem (lb) 
15. Net weight savings (lb) 
16. Tota lpropel lant  
Depletion unbalance 
Venting and 24-hour hold 
Initial f i l l  e r r o r  
Pre launch usage 
Residua 1 
Annulus (Liquid) 
Vapor 
17. Usable propellant 
High-Pressure  
G a s s t o r a g e  Cooled-Shield TVS/WSL 
O2 
1.0 
0 .0  
15.4 
7 .2  
12. 5 
0 . 2  
1.4 
0 .6  
2.0 
3 . 4  
0.6 
2. 2 
46.5 
(205.0) 
N2 
196. 5 
9. 1 
15.4 
0.0 
0.0 
0.0 
0.0 
0 .0  
0 .0  
0.0 
0.0 
0.0 
221.0 
442.0 
o2 
196. 5 
9. 1 
15.4 
0 .0  
0.0 
0 .0  
0 .0  
0.0 
0 .0  
0 .0  
0 .0  
0 .0  
221.0 
(975.0) 
349.0 (770.0) 
i L N, 
1.0 
0 .0  
15.4 
7.2 
!2.5 
0 . 2  
1.4 
0 .6  
2.0 
3 .4  
0.6 
2. 2 
46.5  
93.0 
70.3 
0 .0  
0 .0  
0 . 7  
0.0 
0.0 
7. 5 
62. 1 
91.6 
0.0 
0 .0  
0.9 
2. 5 
0.0 
8. 6 
79.6 
68.6  96.6 
1.4 
0.0 
1. 7 
0 .4  
HEAT TRANSFER EFFECTS EXPERIMENTAL STUDY 
When fine mesh sc reen  acquisition sys tems  a r e  used for  orbi ta l  t r ans fe r  
of LH2 and other cryogens, there  has  been concern with the effects of heat  
t ransfer ,  f r o m  pressur iz ing gas  o r  tank wall,  on the sc reen  retention capa-  
bility, character ized by bubble point. Although considerable previous work 
has  identified a potential problem with heat  t r ans fe r  ef fects ,  there  have been 
no hard design data generated. Under Contract  NAS8-27685 (ref .  31) and 
MDAC IRAD programs  (ref .  32), three  different methods of evaluating sc reen  
heat t r ans fe r  effects we re  tested, with mixed resul ts :  two of the three 
methods of ref.  3 1 showed se r ious  bubble point degradation with IAH2; one 
showed no degradation; and the ref. 32 t e s t s  with LN2 showed no bubble point 
degradation. 
Martin Marietta has  recently completed a p rogram to  evaluate heat t r an s -  
f e r  effects ( ref .  33). Unfortunately, the experimental  p rogram was not 
designed to  yield quantitative design data. The p rogram did demonstrate 
that with a 63. 5 -cm (25-inch) d iameter  spher ical  tank with 8 channels formed 
of two l aye r s  of 325 x 2300 sc reen ,  LH2 could be successfully expelled against  
one-g using GHe o r  GH2 pressuran t  a t  temperatures  up i o  3 11 OK (560°R). 
Because all of the previous resu l t s  may be highly configuration-dependent, i t  
was  the objective of our t e s t  p rogram to use  a carefully designed experimental  
apparatus,  fabricated under an  MDAC IRAD program,  to  evaluate many dif- 
ferent  sc reens  (weaves, mate r ia l s ,  and bubble points) with LH2 and with both 
GHe and GH2 pressuran t ,  over a wide range of sc reen  heat  flux simulating 
that anticipated in vehicle applications. 
Screen Selection 
The eight sc reens  origirlally selected included a l l  of the sc reens  studied 
under Contract  NAS3-15846, except the 40 x 40 and 60 x 60 square-weave 
screens .  These sc reens  we re  eliminated because of the very  low value of 
bubble point obtainable in LH2. Because of developments in the analytical 
s tudies described above, further s c r een  substitutions were  made: a pleated 
325 x 2300 stainless s tee l  sc reen  was  substituted for the 500 x 500, s o  that 
a pleated and unpleated s c r een  of the same mesh we re  compared directly. 
The pleats  we re  0.478 c m  (0. 188 inch) deep by 3. 15 p l ea t s f cm (8 pleatsfinch),  
which was  typical of the pleat configurations defined for potential sys tems  in 
the analytical studies. Also, because of the desirabil i ty of using aluminum 
sc r e ens  and tankage, aluminum 200 x 1400 was  compared directly to s ta in less  
s t ee l  200 x 1400, and aluminum 120 x 120 with s ta in less  120 x 120 (150 x 150 
could not be obtained in aluminum) while the heavy and low performing 50 x 250 
and 24 x 110 sc reens  we re  eliminated. 
The two aluminum sc r eens  selected were  tested di rect ly  with the s a m e  
mesh sc reens  of the same wi re  s ize  in 304 s ta in less  steel.  This was  done 
to isolate heat  retention degradation effects, if any, due to large  differences 
in sc reen  w i r e  conductivity a t  LH2 temperature.  There  were  p r o v i s i o r ~  t o  
instal l  two s c r eens  side-by-side within the t es t  apparatus.  The s c r een  a r e a  
exposed to  heat  flux was  10 .4  c m  x 10.4 c m  (4. 1 inch x 4. 1 inch), except for  
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the stainless 200 x 1400 screen which was 9. 53 c m  x 9. 53 c m  (3.75 inch x 
3.75 inch) (due to a slightly undersized specimen). Th,? screens  were  
cleaned and bonded to  stainless s teel  specimen holders *:?ith LH2-compatiLle 
polyurethane adhesive. Each specimen was tested in  isopropyl alcohol tc 
deter nine i ts  actual bubble point, and to ensure  the bonding integrity. The 
alcohol bubble point data a r e  shown in Table 31, compared to the predicted 
and actual LH2 bubble point data. It was noted that the bubble point fo- the 
pleated 325 x 2300 sc reen  was about that expected for 323 x 2300, while tk.e 
bubble point for the plain 325 x 2300 was lower than expected. The reason 
for this i s  not known, however, MDAC experience with extremely fine-mebn 
screens  indicates that bubble point variations of 1070 a r e  not abnormal. The 
four double sc reen  specimens a r e  shown in  Figure 53, with the 325x2300 
screens  shown in  detail in Figure 54. 
Tes t  Setup 
Important features  of the tes t  apparatus and setup were:  (1) the gas 
p ressure  was imposed on the sc reen  mechanically and exactly, and the 
problem of measuring very low pressures  in  LH2 was obviated; (2) the condition 
of screen breakdown (bubble penetration) was automatically determined and 
could a l so  be observed visually; (3)  extremely accurate  calibrated and guarded 
heaters  were  used to impose heat flux; (4) the LH2 under the screen could be 
slightly superheated or subcooled relative to saturation; (5) a calibrated flow 
of GHe in addition to GH2 pressurization could be imposed on the screen;  
(6) gas temperatures were  measured with accurate  platinum res is tance 
thermometers;  and (7) two sc reen  specimens could be tested with one experi-  
mental setup. 
The internal apparatus is shown in Figure 55, and an external  view af the 
dewar, showing the windows, i s  shown in Figure 56. The tes t  apparatus 
arrangement i s  shown schematically in Figure 57. The operation of the 
apparatus was straightforward: with LH2 supported with surface tension 
forces by the horizontal screen,  both the plunger and the space above the 
LH2 were  purged with GH2 (plus GHe i f  desired) and the plunger immersed 
in the LH2 to the desired liquid head. With the plunger c lear  of liquid, a 
0.1 ohm carbon res i s to r  level  sensor inside the plunger showed "gas. " The 
heater was energized and, when the screen "failed" (permitted gas  flow), the 
liquid dropped sharply away f rom the screen,  and gas rushed frorn the plunger 
through the screen. Simultaneously, liquid surged into the plunger, covering 
the lev 51 sensor ,  which indicated sc;een breakdown. 
The gas flow passages a r e  shown approximately to scale in Figure 58. 
The GHe (if any) and GH vaparized f rom the sc reen  were  continuously vented 
a s  shown. The gas coula only exit f rom the vicinity of the screen through the 
slot  shown, where the gas temperature was measured. The needlkvalve shown 
co~lnected the plunger to the screen gas space (and another valve isolated the 
plunger f rom the other sc reen  gas space). 
The guarded heaters  used were  International Thermal  Instrument Company 
Heat Flux Standards, 10-cm (4-inch) square,  which consisted of a heat flux 
gage sandwiched between two electric heaters. Each heater  was energized 
by a variable dc power s*~pply  capable of 40 VDC and 4 amps. The heaters  
were energized simultaneously s o  that the heat  flux gage indicated zero;  when 
this occurred a l l  of the energy of the lower heater was directed into the GH2, 
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Figure 53. Screen Test Specimens 
Figure 54. Detail of 325 X 2300 Screen Specimens 
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GHe, and LH2 in the vicinity of the s c r e e n ,  The  h e a t e r s  and s c r e e n  w e r e  
sur rounded by p lex ig lass ,  which ac t ed  a s  a n  insu la tor .  The  power (voltage 
and a m p e r a g e )  to  the lower h e a t e r ,  toge ther  with o the r  da t a  ( s e e  Table  32) 
w e r e  r e c o r d e d  on a M a r k  200 8-channel  B r u s h  R e c o r d e r .  The  plunger level  
s e n s o r  was  indexed to  s c r e e n  position, and m e a s u r e d  with a s ca l e  mounted 
o n  top of the dewar .  The  e s t ima ted  a c c u r a c y  of p lunger  posi t ion (and 
bubble point) m e d s u r e m e n t  w a s  *0. 25 c m  (0. 1 inch).  T h e  liquid level  
w a s  obse rved  v isua l ly  through a window in the dewar  t o  a n  e s t ima ted  accu -  
r a c y  of i 0 .  64 c m  (0.  25 inch).  As noted in  Table  32, c e r t a i n  ins t rumenta t ion  
fai led during tes t ing .  The  liquid t e m p e r a t u r e  r eco rd ing  pen b roke  p r i o r  t o  
tes t ing - however ,  the dewar  w a s  kept  a t  a tmosphe r i c  p r e s s u r e  during t e s t -  
ing, and the re fo re  the liquid t e m p e r a t u r e  was  kept  a t  20. 28°K (36. 5"R) 
(within the  a c c u r a c y  of the s e n s o r ) .  The  the rmocoup le s  r eco rd ing  the heat  
flux gage t e m p e r a t u r e  fa i led  dur ing  test ing on both h e a t e r s .  However ,  t hese  
da t a  would only be used to  c o r r e c t  the heat  f lux m e a s u r e m e n t  f o r  t e m p e r a -  
t u r e  var ia t ions .  Since the  hea t  f lux gage w a s  used  a s  a nu l lme te r ,  and kept  
a t  z e r o ,  the gage t e m p e r a t u r e  w a s  not c r i t i c a l .  
When d e s i r e d ,  GHe was  introduced through a ca l ib ra t ed  r o t a m e t e r ,  with 
gage-indicated back p r e s s u r e ,  then through a 1 . 8 - m  (6-f t )  length of 0 . 6 4 - c m  
(0.25-inch) d i a m e t e r  copper  tubing i m m e r s e d  i n  LH2, w h e r e  i t  w a s  chilled to  
LH2 tempera tur .3 ,  and then t o  the opening above the s c r e e n .  The  length of 
the p lex ig lass  co lumns  shown in F i g u r e  55, which al low liquid level  
to be lower than  the  sc reen ,  w a s  modified dur ing  the  t e s t  p r o g r a m  
depending on the spec imen  t e s t ed ,  a s  d i s c u s s e d  in  the next  sect ion.  T h e s e  
co lumns  a l s o  indicated when the s c r e e n  fai led t o  r ewe t  by allowing g a s  t o  
bubble out of the bot tom of the co lumns  ins tead  of f r o m  the plunger  (which 
w a s  placed below the co lumns) .  The  plexiglass  b a r r i e r  under  the co lumns  
( s e e  F i g u r e  55) prevented  bubbles  ( caused  by boiling on the d e w a r  bot tom) 
f r o m  enter ing  the  co lumns ,  reaching  the s c r e e n ,  and potent ial ly  caus ing  
s c r e e n  breakdown.  
T e s t  P r o c e d u r e  
The  dewar  w a s  slowly chi l led down and f i l led with LH2 ( to  avoid t h e r m a l  
s t r e s s e s  and c rack ing  of the p lex ig lass )  to  a level  above the hea t e r  block ( s e e  
F igu re  55). Because  of vapor  bubbles  while fi l l ing, the LH2 level  usual ly 
s tab i l ized  a t  o r  s l ight ly below the block when f i l l  w a s  t e rmina ted .  The  s c r e e n  
w a s  wetted 2nd the  cavi ty f i l led with LH2 by p r e s s u r i z i n g  the dewar  and out-  
flowing through the  s c r e e n  g a s  vent.  The  dewar  vent w a s  then opened,  and 
the dewar  kept a t  a t m o s p h e r i c  p r e s s u r e  while tes t ing .  The  d e g r e e  of s u p e r -  
hea t  w a s  de t e rmined  by convert ing the  obse rved  liquid head to a n  equivalent  
s u p e r h e a t  t e m p e r a t u r e .  The  GH2 flow w a s  ini t ia ted to the plunger  ( s e t  
a t  33 c m  (13 inch)  of head f o r  the in i t ia l  t e s t  with 325 x 2300 s c r e e n )  until  
the  plunger w a s  c l e a r  with the level  s e n s o r  indicating "gas.  " The  cyl indr ica l  
co lumns  w e r e  obse rved  to  i n s u r e  tha t  no g a s  was  bubbling f r o m  below them.  
With no hea t  f lux,  the plunger w a s  slowly lowered  until the level  s e n s o r  indi- 
ca t ed  "liquid, I '  s ignifying s c r e e n  breakdown. With GH2 flow t e rmina ted ,  the 
s c r e e n  was  rewet ted  and re f i l led  by p re s su r i za t ion  and outflow, as above,  and 
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the plunger was  then s e t  a t  approximately three-four ths  of the unheated bubble 
point, a s  shown in Table 33, and c lea red  with GH2. The hea te r s  \:ere e n e r -  
gized, and the hea te r  next to  the s c r e e n  was  brought slowly up t o  full  power, 
with the heat  flux goge indicating essent ia l ly  zero .  The h e a t e r s  were  kept a t  
full power until the gas  t empera tu re  reached about 45-55'K (80- loo%), at 
which t ime  the plunger was  slowly lowered, increas ing the applied head, 
until breakdown occur red .  The plunger was re tu rned  to  the level shown in 
Table 33, and the s c r e e n  rewetting and refill ing cycle repeated.  With GHe 
flow a s  a t e s t  p a r a m e t e r ,  the plunger was  f i r s t  c l ea red  with GH2 a s  above, 
and the GHe flow was  then imposed. The plexiglass columns w e r e  visually 
checked to  e n s u r e  that  the s c r e e n s  remained wetted. The hea te r s  were  then 
energized and the ~ l u n g e r  lowered a s  above. 
T e s t  Resul ts  and Analysis 
The procedure descr ibed above necess i ta ted  considerable prac t ice  t o  
achieve good resu l t s .  A total of 58 t e s t  sequences w e r e  performed which 
resul ted  in 35 proper ly  performed t e s t s .  Ir the c a s e  of the 120 x 120 s c r e e n s ,  
the bubble point capability was s o  low   hat i t  was  ve ry  difficult t o  c l e a r  the 
plunger without a l so  failing the sc reen .  It was  a l so  impossible to  initiate GHe 
flow with these  s c r e e n s ,  because the local CHe p r e s s u r e  above the s c r e e n  
was apparently sufficient to  induce breakdown. A total  of 14 t e s t  sequences 
with the 120 x 120 s c r e e n  produced only five proper  t e s t s .  The t e s t  r e s u l t s  
a r e  summar ized  in Table 34, which shows the data  taken a t  breakdown. The 
initial heat flux to the s c r e e n  was usually higher than the value shown a t  
breakdown. The values shown a r e  quite l a rge ,  however, and a r e  cer ta in ly  
representa t ive  of the l a rges t  heat flux which would be anticipated to  occur  in 
a vehicle LH2 tank. The heat flux to  the s c r e e n  was determined f rom an 
energy balance,  where  the GH2 evaporation r a t e  f rom the s c r e e m ,  m, i s  
found f rom.  
whe r e  
V A = heater  output s t  breakdo- 1 ( . , o l t s - a m p e r e s )  
m ~ e  = GHe flow r a t e  
h~ AP = LH2 heat  of vaporization 
' P H ~  = CHe specific heat  
'PH = CH2 specific heat  2 
The net heat  t r a n s f e r  t o  the  s c r e e n ,  Q, i r  then 
and the  heat flux i s  Q divided by the s c r e e n  a r e a .  
T
A
B
L
E
 3
3.
 -
 
SC
R
E
E
N
 B
U
B
B
L
E
 P
O
IN
T
S 
A
N
D
 H
E
A
D
 S
E
T
T
IN
G
S 
S
cr
ee
n
 
32
5 
x
 2
30
0 
p
le
at
ed
 
20
0 
x
 
14
00
 
a
lu
m
in
u
m
 
12
0 
x
 
12
0 
a
lu
m
in
ur
n 
U
nh
ea
te
d 
B
ub
bl
e 
P
oi
nt
 
c
m
 L
H
2 
(in
. 
L
H
2)
 
63
. 5
 (
25
.0
) 
In
it
ia
l 
H
e
a
d
 S
et
ti
ng
 
W
it
h 
H
ea
t 
F
lu
x 
c
m
 L
H
2 
(i
n.
 L
H
2)
 
P
le
xi
gl
as
s 
C
ol
um
n/
B
lo
ck
 
L
en
gt
h
 B
el
ow
 S
cr
ee
n
 
c
m
 (i
n.
 ) 
0 
= W V V  
1 2 2 2  1 s s z  
c u ' ,  
Y 5 2 2  
" E d ? !  
A Y Y Y  
2 z = z  
: E E t  
Y U U U  
- 
'i ' 0 5 6  
Lr Z Z Z  
A 
f 5 Z Z  C S B  f  E i ; 5  Z T f  Z F 6  
N a m e  C N *  I 2 '  t t 8 4  s n r c  n o o  o Z S ; P  2 S Z  % 2 3  
. . . . . . . . ; - ; i d  2 6 ;  -' . . .  . . .  1 
, " j :  - - - - - 0  :LC. - - -  - ..J- o ~ ~ ~ ~ o ~ ~ ~ ~ o o ~ ~ ~ ~ o ~ ~ Z ~ 3 ~ ~ ~ ~ 6 ~ ~ ~ F ~ ~ ~ ~ f ~  * - c  m c Q .O 
, - * a n  9 - r  I 4 2 :  9 - m  t- o r -  
, 5 6 0 0  d d d  0 6 d . i  6 l d  
A - - 1 . .  5 - - - -  s z a ,  * + - a  m o e n  S f 6  E Z S Z  g f f  = Z Z  Z : * E ~  2 ! 2 % $  - n o t .  - 1 - 0 0  * o n  - e r r -  N  L t -  
1*:=; o m o ~ ~ o ~ o , r ; ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r ; ~ r ; ~ ~ - * ~ ~ ~ n ~ ~ ~ ~ ~ ~  
-,,,-- CJ? - 2 2  2:: 2:; $ 2  z 2 ; q  : s r :  a 5 3 3  O N  - I - a "  = r.4 5 5 :  - m e  9 Q N  a a *  
m n m n  o r n o  
m . o r n  - 9 m ~  - m e *  C I S ,  
. 
- . - . . . . . . .-- 
- 
Z S s S b 5 5 F b F % ; ; .  B i ; b B o ' - b b  
6 -  i~=f:X=400ooo 
; = c , - m r ? ; r : q ~ q ~ ~ Z r - r r w ~ - ~ l - d d d d d  
d m  N  rJ y-4 d 
- .  . - - . . . . 
- --1 
It will  be noted f r o m  Table  3 4  that t h e r e  w a s  no not iceable  e f fec t  of 
liquid level un bubble point. Although the potent ial  f o r  obtaining superhea ted  
liquid under  the s c r e e n  ex i s t s  immedia te ly  a f t e r  filling of LHz u p  to  the 
screen ,  evaporat ion a t  the s c r e e n  wil l  probably quickly cool the  LE-I2 and 
achieve local saturat ion.  The t rend  of bubble point with imposed  hea t  flux 
i s  shown i n  F igu res  59 through 62 f o r  the  four  spec imen  pa i r s .  Note f r o m  
F igu re  59 that the bubble point-heat flux t r e n d s  w e r e  the s a m e  f o r  the pleated 
and plain 325 x 2300 s c r e e n s .  T h e r e  w e r e  two anomaious  t e s t s  shown: 
:est 7, which indicated fai!ure a t  the p r e s e t  head of 45. 7 c m  (18  inch)  a t  
~ n a s i t n u m  hez ter  power, and t e s t  34, which a l s o  fai led a t  the p r  ,et head of 
3.6 c m  (1. 4 inch)  a t  max imum hea ter  power.  When these  t e s t !  u e r e  
repeated,  t e s t s  8 and 35, f a i l u re  did not o c c u r  until  substant izl ly  higher 
heads.  It i s  possible  that  the p r e m a t u r e  f a i l u re  w a s  caused by a bubble 
t rapped under the s c r e e n ,  which caused  f a i lu re  a t  m a x i m u m  hea te r  power .  
With GHe flow of the s a m e  o r d e r  a s  the G H 2  evapora t ion  r a t e  (0. 5-1 k g / h r  
(1-2 lb /hr ) ) ,  the bubble point w a s  essent ia l ly  unaffected. However,  when 
high GHe flow r a t e s  w e r e  imposed ,  two o ther  p r e m a t u r e  f a i l u re s  occu r red ,  
t e s t s  20 and 21 (F igu re  60). Refer r ing  back to F i g u r e  58, i t  i s  c l e a r  that  
with v e r y  high GHe flow ( t e s t  20) t h e r e  w a s  sufficient r e s t r i c t i o n  in  the 
s c r e e n  vent line that the  local head above the s c r e e n  w a s  5-7. 5 c m  (2-3 inch)  
above that at  the plunger,  resul t ing in  a n  appa ren t  reduct ion i n  bubble point 
3y that amount.  However, this  w a s  a spu r ious  effect  due to  a p p a r a t u s  lirnita- 
t ions.  This  effect can  a l s o  be s e e n  ( F i g u r e  59) i n  the o the r  high flow r a t e  
GHe t e s t  (No.  10). Tes t  10 was  in te res t ing  f r o m  another  standpoint:  a t  
approximately two-thirds  of full  power to the hea ter ,  the evapora t ion  r a t e  
a t  the s c r e e n  dropped to ze ro ,  i. e . ,  the GHe flow w a s  absorb ing  a l l  of the 
hea ter  power. When the hea t e r  power w a s  i n c r e a s e d  to  the maximum,  eva-  
porat ion a t  the s c r e e n  r eoccu r red ,  but a t  a f a i r l y  low ra t e .  In fact,  i t  c an  be 
seen  f r o m  Table 34, that  the s c r e e n  heat flux was  reduced with inc reas ing  
CHe flow, s ince  heating the GHe w a s  absorb ing  a g r e a t  dea l  of the hea t e r  
poiver. F igu res  60 and 62 show that t he re  was  no e s sen t i a l  d i f fe rence  
between s t a in l e s s  and a luminum s c r e e n s  in  r e sponse  to heat flux. 
F igu res  59-62 indicate  that with the except ion of the anomalous  t e s t s  
d i scussed  above the m a x i m u m  bubble point degradat ion due to heat  flux w a s  
12.  5 percent .  This  indicates  that the f i ne -mesh  s c r e e n s  cus tomar i ly  used  
for  acquisit ion devices  a r e  excel lent  wicks ( e v a p o r a t o r s )  and a r e  ab le  to 
a b s o r b  la rge  heat f luxes and high t e m p e r a t u r e s  without significant bubble 
point degradat ion.  
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CONCLUSIONS 
The principal conclusions drawn from the analytical studies were that 
with the exception of propulsive stages the TvS/WSL cryogen s t o r ~ f e  and 
transfer systems were highly efficient compared to other orbital storage 
and transfer methods: 
A. Compared to a propulsively-accelerated Tug-scale module for 
orbital transfer of LH2 and LOZ, a TvS/WSL saved 2070 of the 
inert  transfer-sensitive weight, and the cooled-shield TVSIpartial 
WSL saved 29%. 
B. Compared to small-scale supercritical storage and transfer sys- 
tems for life-support and Hz102 fuel cell reactant supply, the TVS/ 
WSL and cooled-shield TVS/WSL were up to 4070 more efficient. 
For  the Space Shuttle Fuel Cell Reactant Supply System, use of a 
TVS/WSL o r  cooled-s hield TvS/WSL would save up to 139 kg 
(306 lb) for the 7-day baseline mission, and up to 556 kg (1225 lb) 
for the extended 30-day mission, compared to the current super- 
crit ical  design. 
C ,  Compared to high pressure gas storage for the Spacelab atmosphere 
makeup supply, use of cooled-shield TvS/WSL would save 349 kg 
(770 lb) out of 442 kg (975 lb) of inert  system weight for a 30-day 
mission. 
D, Compared to a propulsively accelerated Tug-scale module with a 
multiple engine-restart-mission, either the TVS/WSL or cooled- 
shield TVSIWSL was 8'70 heavier. 
E. Further potential current applications for the cooled-shield TVSI WSL 
include common self-contained cryogen storage and supply system 
for He, Hz, 02 ,  and N2 for use in mission-peculiar Spacelab o r  
Shuttle experiments requiring cryogens, o r  complete proof-of-concept 
experiment to verify thermodynamic Ifluidynamic feasibility while 
providing backup use capability to existing ShuttleISpacelab systems. 
For nearly all of the systems studied, the TVS pumps were at o r  near 
the minimum feasible input power level of 0. 1 watt, which may lead to prob- 
lems of fabricability, reliability, and indeterminate efficiency and perform- 
ance. Replacement of the TVS Dump with a completely passive cooled-shield 
TVS could eliminate potential p i l e m s  of small pumps, and result in 
greater system efficiency, but w ~ l l  require use of extremely high performance 
thermal  control systems. 
The screen LH2 heat transfer experimental study, covering eight screens 
ranging from 325 x 2300 to 120 x 120, indicated (1) a maximum degradation in 
bubble point of 12.57'0 a t  screen heat fluxes of up to 9450 wattIm2 
(3000 ~ t u / h r - f t 2 ) ;  (2) no observable effect of LH2 superheat; (3) no observable 
effect of helium flowrates of the same order a s  the LH2 evaporation rate - a t  
high relative helium flowrates, apparatus flow restriction resulted in a 
decrease in observed bubble point; and (4) no observable effect of screen 
mater ial  on bubble point performance with heat transfer. Similar trends in 
bubble point degradation were observed for the pleated and plain screene. 
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APPENDIX A 
SUB-SCALE SYSTEM DETAIL DESIGN 
The objective of this  effort  was  to design a 51-cm (20-inch) spher i ca l  
tank containing a s c r e e n  acquisi t ion device sui table fo r  test ing with liquid 
ni trogen (LN2) i n  the NASA LeRC Zero-Gravity Facility. A secondary 
object ive was  to develop the techniques n e c e s s a r y  to fabricate,  clean, and 
check out  a representa t ive  s c r e e n  acquisi t ion device for  a smal l - sca le  
cryogenic tank. 
Design Requirements  
The basic design requ i rements  for  the tank were  that it be interchange- 
able with an  existing b a r e  tank which was instal led within a vacuum jacket 
and mounted on a d rop  t e s t  appara tus  used for  zero-gravi ty  inflowlventing 
exper iments  with LN2.  There fo re  the inlet and vent fluid connections and 
tank d iamete r  w e r e  requi red  to be identical to those shown in NASA 
Drawing CR634476. It was a l so  requ i red  that the tank ( p r e s s u r e  vesse l )  be 
identical to the previous tank, i .  e .  , fabricated f r o m  0. 02 to 0. 03-cm 
(0.  008 to  0. 012-inch) thick AM350 (SCT-850) s ta in less  s teel .  Other design 
specifications for  the tank appara tus  a r e  shown in Table 35. It was a l so  
requ i red  that the vent sys tem be a r ranged  s o  that the s c r e e n  annulus, o r  
the tank in te r io r ,  could be select ively vented. 
Screen Device Design 
The s c r e e n  selected was 325 x 2300 Dutch twill woven f r o m  0.0015/0.001 
304 ELC s ta in less  s teel .  Of the s c r e e n s  cu r ren t ly  and conveniently available,  
this  s c r e e n  had the maximum bubble point, maximum res i s t ance  to  flow 
through the s c r e e n ,  and minimum res i s t ance  to  annulus flow. This  s c r e e n  
mate r i a l  was completely compatible with the AM 350 p r e s s u r e  vesse l .  The 
original  conceptual design of the tank, including a part ial  s c r e e n  l iner  
acquisition sys tem,  i s  shown in Figure  63. 
The part ial  s c r e e n  l iner  would be configured a s  eight channels ,  with 
eight spaces  between channels.  The s c r e e n  panels covering the cLannels 
would be  about 2. 5 c m  ( 1  inch) wide a t  the inflow baffle, about 10 c m  ( 4  inches)  
wide a t  the g i r th ,  and about 30 c m  (1  foot) long. The s c r e e n  panels would be 
welded to bracing angles which would be fastened t o  support angles bonded 
to  the p r e s s u r e  vesse l  in ter ior .  
The inflow baffle would be about 12.7 c m  ( 5  inches)  in d iamete r  with a 
flow splitting cone a s  shown. The 114 ra t io  of baffle d iamete r  t o  tank d iam- 
e t e r  had been shown to give minimal res idual  fo r  outflow, and good annular  
d i rec t ion  to inflow. The upper baffle would be about 30 c m  (12 inches)  
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TABLE 3 5. - DESIGN SPECIFICATIONS 
--- - - 
1 .   he experimental tankage shall conform to the envelopedefined by 
the existing tankage a s  shown on the enclosed NASA Drawing 
CR634476. The design shall  meet  the following environmental 
requirements: 
a. Vacuum exterior,  interior working pressure  of 17.24 ~ / c m ~  
(25 psia) with a safety factor of 2. 
b. Shock loading averaging 35 g l s  for 120 milliseconds with a peak 
load of 50 gls. 
c. Cooling from room temperature to liquid nitrogen temperature 
in 2 seconds. 
2. The following Quality Assurance Controls a r e  recommended a s  
specification guides to  potential fabricators. 
a. Material Specification: 
Stainless Steel Bar  per  Fed. Spec. QQ-S763d, 304L, 
Condition A, Cold Finished. 
Cold Rolled Stainless Steel Sheet per  MIL-S-8840 (AM-350) 
or per  AMS 5548E (AM-350). 
b. Heat T rea t  Stainless Steel AM-350 per  MIL-H6875F 
(SCT -850). 
c. Fluorescent Penetrant inspect per  MIL-1-6866, Type 1, 
Method A, Water Washable, use T race r  Tech No. P-134 
or  app'd equal (No cracks allowed). 
d. Cleaning Specification: 
P r i o r  to  assembly, use  cleaning procedure for screens 
established under Contract NAS3 -15846. 
Use Trichloroethane per  Fed. Spec. 0-T-620 before joining 
pressure  vessel  halves. 
For  final cleaning, immerse  twice in Freon per NASA Spec. 
No. 237A. Drain thoroughly and d ry  after final r inse.  
e. Inert  Gas Tungsten a r c  weld per  MIL-W -8611A using welding 
rod p e r  MIL-R-503 1B (308 S. S. ), Class 1. 
f. Resistance weld per  MIL-W6858C, Class B. 
g. Visually inspect braze under 10 to  30 magnification (no 
cracks allowed). 
h. P re s su re  tes t  and leakage test  p e r  print. (Dwg. No. 
CR634476). 
i. Place clean plastic caps on external openings. 
j. Identify assembly by marking with Monode Electrolyte 
Process  o r  other acceptable electro-chemical-etching 
process. 
k. Package assembly in contamination b a r r i e r  per  Para .  3 .3 .2  
of MIL-M-9950 (USAF). Polyethylene bag to be f r ee  of oils 
and foreign materials.  Seal, tag and identify with assembly 
par t  number. 
I 
VENT BAFFLE 
DEFLECTION 
SCREEN LINER 
INFLOW BAFFLE 
SCALE: 1/4 
LN2 I l lLET (SCREEN ANNULUS 
WIDTH NOT TO SCALE ) 
d iamete r  and would include the two vents ,  s o  that by using Teflon s leeves ,  
e i ther  the connected channel annulus, o r  the in ternal  tank, o r  both could be 
vented. The s c r e e n  channel halves could be sealed a t  the g i r th  by p r e s s u r e  
deflection of thin sec t ions ,  or iented  in the d i rec t ion  a s  shown to minimize 
leakage during inflow 
Implementation of th is  conceptual design requ i red  definition of ce r t a in  
c r i t i ca l  design deta i l s ,  which included: (1)  s c r e e n ,  s c r e e n  support ,  and 
tankage bonding technique; (2)  vent and baffle a r rangement  t o  provide se lec-  
tive venting options; and (3)  s c r e e n  sealing and c losure  method a t  the  tank 
gir th.  A number of potential f ab r i ca to r s  were  contacted to  defini t ize these  
fabricat ion techniques. With the tank part ing plane and g i r th  r ing perpendic- 
u lar  to the inlet,  i t  was determined that the s c r e e n  support  angles could not 
be welded to the tank, because the ve ry  thin 0 .02-0 .03-cm (0.008-0.012-inch) 
tank would warp  badly and could not be rel iably joined. Two methods to  avoid 
this  problem were  investigated: (1)  to bond al l  joints with cryogenic and 
vacuum compatible epoxy adhesive to avoid welding warpage,  and ( 2 )  to  
r eo r i en t  the tank part ing plane to p a s s  through the inlet,  s o  that welding 
would not warp  the tank n e a r  the part ing plane joint. The f i r s t  method, 
bonding, was extensively evaluated with s c r e e n  sys tem and tankage vendors,  
and was eventually re jec ted  for  two reasons:  (1 )  no re l iable  technique for  
insuring a leak tight joint for  the s c r e e n  c losure  a t  the g i r th  could be devised, 
and m o r e  importantly ( 2 )  the epoxy bonding technique was not representa t ive  
of the methods which would probably be used for  an  actual  flight s y s t e m  (which 
would requ i re  quality control  and uniformity to withstand vibration, and o ther  
qualifying environments) .  The second method, g i r th  reor ienta t ion  and weld- 
ing, was a l so  extensively evaluated,  and was retained a s  a viable candidate, 
although the fabricat ion would be quite complex and requ i re  considerable 
tooling, especial ly for  seam-welding of the s c r e e n  panels to the tank shel ls .  
While discussing s c r e e n  fabricat ion methods with a s c r e e n  vendor,  a 
complete pleated s c r e e n  l iner  was exhibited, a s  shown typically in Figure  64. 
These l ine r s  were  formed into s p h e r e s  o r  el l ipsoids,  and because of the 
pleating, were  v e r y  s turdy and self-support ing.  They could be made s o  that 
they have vir tual ly a net fit  inside the p r e s s u r e  v e s s e l ,  but without being 
physically attached to it. The fabricat ion problems and expense using the 
pleated l iner  would be grea t ly  minimized,  and the result ing s y s t e m  would be 
s t rong,  c lean  and s imple ,  and would potentially be representa t ive  of a flight- 
type sys tem.  The s c r e e n  device could be tested for  integri ty and bubble 
point ( a  problem with the welded par t ia l  l iner  sys tem)  and could be easi ly 
integrated with the inlet and vent baffles ( a s  shown fo r  example in Figure  64). 
In o r d e r  to de termine  if the full pleated s c r e e n  would be competitive f r o m  a 
s y s t e m  standpoint, a sys tem weight and res idual  analys is  was  performed to  
compare  the full pleated l iner  with the part ial  wall s c r e e n  l iner .  The resu l t s  
a r e  shown in Table 36, which indicates that while the plezted l iner  has  m o r e  
res idual  weight, the s c r e e n /  support  weight i s  substantially l e s s ,  s o  that for  
the 51-cm (20-inch) d iamete r  exper imenta l  tank, the pleated l iner  sys tem 
shows a net weight savings r e l a t ive  to the part ial  wall s c r e e n  l iner .  Whether 
this  would be t rue  for  an actual  flight-type sys tem was not known, but the 
pleated l iner  would cer ta in ly  appear  to  be competitive. The res idual  shown 
i n  Table 36 was  for  a net fit of the l iner  within the tank; i f  a gap of 0 .05  c m  
(0.020 in. ) existed between l iner  and tank, a n  additional 0.607% res idual  
would occur.  
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TABLE 36. - WEIGHT ANALYSIS O F  PLEATED LINER VS 
PARTIAL LINER, 50.8-cm (20-IN. ) DIAMETER TANK 
Design of the experimental tankage to include a complete pleated liner 
war selected and recommended to NASA who approved thir  design concept. 
The relecf.ed pleat dimenrionr were 0.3 18 c m  (0. 125 inch) deep by 500 total 
pleats (about 12 pleatr /cm a t  the 12.7-cm (5-inch) baffle). The pleatr were 
oriented in the direction of the shute wires. The ends of the formed pleated 
hemirpherer were required to be coined, ro  that they could be welded to 
r ingr ,  at  the girth and baffle locationr, which would rubsequently be welded 
together to form the complete rphere (see,  for example, Figure 64). The 
bubble point requirement8 for the complete welded rc reen  arrembly were r e t  
a t  35.6 c m  (14 inches) of .vater using ACS reagent grade iropropyl alcohol, 
corrected to rtandard conditions. 
Reridual 
Screen 
Baffle 
Total 
Equivalerrt weight of LN2 - kg (lb) 
Component weight - kg (Ib) 
Tank and inlets 
Baffles 
Screen 
Supports 
Screen closure 
TOTAL 
Sub-scale System Design 
A number of other derign a r e a s  were invertigated and rerolved while 
defining the tank derign, a r  dcrcribed below. 
Pleated Liner 
1. 50170 
0.36170 
1.862% 
0.90 (1.99) 
2.05 (4. 52) 
0.38 (0.84) 
0.93 (2.04) 
0. 50 (1. 10) 
0.64 (1.42) 
4. 50 (9.92) 
Par t ia l  Liner 
1. 576% 
0.2827' 
1. 858% 
0,90 (1.98) 
2.05 (4. 52) 
0.29 (0. 64) 
0. 19 (0.41) 
2.86 (6. 30) 
0. 16 (0.36) 
5. 55 (12.23) 
It was found that the SCT-850 heat t r e a t  of the AM350 s ta inless  s tee l  
mate r ia l  (originally required by NASA LeRC for  purpose8 of comlnonality 
with the .previous tank) was subject to  severe  s t r e s s  corros ion,  and in fact 
th is  heat  t rea tment  was prohibited by NASA MSFC. Other heat t r e a t  methods, 
annealing and double-aging, were  investigated. The strength charac te r i s t i c s  
of AM-350 for the th ree  heat - t rea t  conditions a r e  shown in Table 37. The 
s t rength  and safety factor a t  17.24 ~ / c m 2  (25 peia) was adequate for  al l  
t h r e e  methods. Therefore  i t  was decided to  double-age the mate r ia l  if a 
welded tank joint was used ( s ee  below). If the optional b raze  joint was used, 
double-aging could not be used ( i t  would mel t  the b raze  mater ia l ) ,  and just 
the annealed s t rength  was allowed. 
The tank inlet and vent outlets used bellows to allow adjustment when 
installing the tank inside the vacuum jacket, and the bellows had to be euffi- 
ciently stiff to r e s i s t  the deceleration loads on the tank following the ze ro-  
gravity drop test .  Since the tank with the s c r een  l iner would weight 4 .5  kg 
(9.9 lb) compared to  2.0 kg (4.4 lb) for  the original base  tank, the bellows 
spring r a t e  was increased by the same margin  by increasing the bellows wall 
thickness f r om 0.0127 c m  (0.005 inch) to 0.0178 c m  (0.007 inch), 
The vent outlets  were designed to use Teflon s leeves  t o  allow selective 
venting of the annulus volume, the in ter ior  tank volume, o r  both. The p r e s su re  
vessel  was designed to allow the use  of a burn-down welded joint o r  an 
a l ternate  overlapping braze  joint. These  detai ls  a r e  shown in the fina!. 
delivered drawing ( s ee  Figure 65). Thc notes in Figure  65 indicate the 
various p rocess  information needed t o  sat isfy the design specifications of 
Table 35. 
TABLE 37. - AM 350 STRENGTH PROPERTIES 
Hard 
SCT-850 
Annealed 
8 11 X ( 1000 'F) 
Double- Aged 
u TS 
~ / c m Z  (ps i )  
127,560 ( 185,000) 
8 1,360 ( 1 18,000) 
113,800 (165,000) 
Yitl" N/cm (ps i )  
103,400 ( 150,000) 
66,200 (96,000) 
93,000 (135,000) 
Safety Factor 
17.24 ~ / c m Z  
(25 peid) 
8.32 
5. 31 
7.42 
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APPENDIX B 
ANNULUS PRESSURE AND FLOW DISTRIBUTION ANALYSIS 
In order to define pressurization requirements,  TVS flow direction, and 
pump head r ise  requirements, a complete system pressure  and temperature 
analysis was performed. Unlike previous analyses of the TVS/ WSL flow 
(ref.  6) which assumed that all TVS flow was confined to the annulus, this 
analysis accounted for leakage of the TVS flow through the screen.  The flow 
model i s  shown in Figure 66. The pump provides a design flowrate, Q, with 
a static pressure  r i s e  which drops due to standpipe friction to  P 1  which, 
with the standpipe dynamic head, PC1, gives a total p ressure  of P1 t PD1. 
The frictional pressure  loss along the baffle, P2,  plus the dynamic pressure  
change due to dece'eration of the fluid along the baffle defines the static 
pressure at  the baffle outlet: 
The internal static p ressure ,  PO, was assumed constant, ignoring the 
very snlall head variation due to the 10-5 g field. The static p ressure  differ- 
ence between P3 and PO will cause flow, Q1, through the screen a r ea  defined 
by the incremental angle, T1. The correlation f rom Reference 6, csing this 
nomenclature is: 
where V i s  the approach velocity to  the screen,  and A and B a r e  experimentally 
determined constants. 
v = "A' t 4B (P3 - PO) - A 2B 
and the flowrate through the screen is: 
2 Ql = V .  2 n (Dl2 - S) (sin T2 - sin (T2 - T I )  ) (B-4) 
where D i s  the tank diameter. The flow entering the next incremental annular 
segment is: 
The fricticnal static p ressure  loss along the screened annulus, P8, i s  given 
by the correlation f rom ref. 6. The pressure  drop is  thus: [ ('2 6 p Q 2  pv tan (T2 - T1 + n/2) P8  = 3 2 
p g c n S  I 
+ 1 (E)' 6 (tan T2 - tan (T2 - TI)) (B-6) 
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Figure 66. Annulus Lwkrgr Flow m d  R e r u n  Distribution Modrl 
152 
The dynamic p ressure ,  PD6,  af ter  the incremental  angle T1 is related to the 
dynamic p ressure .  PD3, by: 
Q2 cos  T2 PD6 = PDJ 
COB (T2 - Tl j 
t The stat ic  p r e s su re  af ter  the incremental  angle T1 i s  thus: 
The p r e s su re  and flow conditions for  the next incremental  angle a r e  thus 
defined. All of the pa ramete rs  of the analysis  a r e  known except for  the 
internal p ressure ,  PO. The equations above were  programmed on the MDPC 
Direct  Access Computing System, and were  arranged to solve for  the flowrate 
and p r e s su re s  for  each incremental  angle. With an incremental  angle of lo, 
the internal p r e s su re ,  PO, was i terated until the f:owrate leaving the sc reen  
annulus a t  the bottom baffle was identical to the flowrate entering the annulus 
at the top baffle (the design flowrate); a t  this  pr~int  he flow and p r e s su re  
distribution a t  l o  increments  along the annulus were  output. 
APPENDIX C 
UNVENTED LO2 TAKK STANDPIPE OPTIMIZATION ANALYSIS 
In a vented tank, the standpipe size i s  optimized by minimizing the sum of 
the standpipe weight, standpipe residual weight, and boiloff weight due to 
pump power input, a s  described previously in ref. 6. However, in the 0 2  
tank boiloff does not occur, since the H2 vent gas is used to cool the O2 tank 
and keep it vent-free. Instead, reducing the standpipe size and residual 
increases the 0 2  pump power and 0 2  tank heat load, which for a given H2 
vent rate ,  reduces the allowable heat flow through the 0 2  MLI, which in 
turn increases the required 0 2  MLI thickness and weight. Clearly a new 
optimum 0 2  standpipe size can be found which minimizes the sum of stand- 
pipe weight, standpipe residual weight, and MLI weight. The 0 2  pump power 
and 0 2  tank heat load due to pressure loss around the annulus was not 
directly dependent on the standpipe diameter, did not enter this optimization, 
and will be accounted for later in the analysis. Similarly the pump/motor 
weight was a very small value, so that it too was ignored in the optimization, 
and will be accounted for later. 
i 
The weight of the standpipe residual, in t e rms  of the standpipe diameter, I 
i D,, and length, L, is: 
1 
The weight of the standpipe depends on the thickness of the standpipe and 
the material. Since there i s  essentially no pressure load on the standpipe 
the thickness criterion used was that specified by NASA MSFC a s  minimum 
handling gage for ducting in the Space Shuttle. The thickness in meters  
(inches) for aluminum is  
Multiplying the thickness by the density of aluminum gives, for standpipe 
weight 
1 I 4 where 
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It has  been shown (ref.  6)  that essential ly al l  of the input power to the 
pump/motor i s  dissipated to the LH2. The input power is: 
where J it the eriergy cqnversion, and v is the overall  efficiency. The fluid 
power is Q p H, where Q i s  the volumetric flowrate and H i s  the pressure  
drop down the standpipe. This head loss is: 
In t e r m s  of the volume flowrate, Q = VA, o r  
The friction factor,  f, i s  a function of Reynolds number, Re. For  our flow 
conditions, the flow i s  turbulent and the standpipe hydraulically smooth so  
that the correlation of Blasius (ref .  6 )  i s  suitable, or:  
o r ,  s ince 
It has  been shown that the Blasius correlation is accurate to  within 5 percent 
for Re f rom 3,000 to 300,000. 
Combining Equations (C-5), (C-6), and ((2-8) gives: 
Equation (C -9 )  can be simplified in t e r m s  of the important variable: 
H ' 0.316 L ( Q 4 / n )  2 
H = 7 where H' = (4 P 6 l n p )  0. 25 s gc 
(C- 10) 
The qllowable heat capacity of the H2 vent fluid i s  the weight flowrate of the 
H2, WH2, t i m e s  the heat  capacity hg, and the allowable heat leak, b through 
the MLI is: 
(C- 11) 
where Po is the external  heat leak through a l l  of the heat  shor t s  to the 0 2  
tank. The MLI thickness,  R , is: 
(C- 12) 
and the MLI weight i s  (ref.  14): 
W3 = 0.145 R A  (C- l.3) 
Combining equations (C- 1), (C-3), (C-4), (C- lo), (C- 1 1), (C- 12), and (C- 13) 
gives the total weight i n  t e r m s  of Ds 
(C- 14) 
Differentiating with respec t  to D and equating to z e r o  gives: 
s 
4.75 E 2  Ds 3.75 4/75 D2 E2 D ~ ~ *  
0 = A 2 t B  D t 2 s D2 D ~ ~ *  75 2 (C- 15) 
- C2 - (D2 D ~ ~ *  75 - C2) 
where 
, 
Equation (C-15) can be solved f o r  the optimum D, i n  t e r m s  of the o the r  known 
p a r a m e t e r s  a8 a function of q.  
APPENDIX D 
PLEATED SCREEN ANNULUS RESIDUAL AND 
PRESSURE DISTRIBUTION ANALYSIS 
An analysis  was performed to determine the residual  and flow-loss 
charac te r i s t i c s  of the pleated s c r een  l iner configured a s  shown in Figure 67. 
The recommended practice for  pleating of the s c r een  i s  to provide a suffi- 
cient number of pleats so that the included pleat angle i s  not g rea te r  than 60' 
a t  the maximum gir th  of the tank ( l ine r )  ( s ee  Figure 67). This equilateral  
tsiangle configuration provides exceptional rigidity and stiffness to the l iner.  
This c r i t e r ion  defines the minimum number of pleats required,  N, a s  a 
function of pleat height, S l ,  and tank ( l ine r )  d iameter ,  Dl a s  follows: 
At the baffle ends of the l iner ,  the same number of pleats a r e  squeezed 
c lose r  together by the baffle d iameter ,  giving a more  acute and stiffer 
t r iangle ( s ee  Figure 67). The annulus residual  associated with the pleated 
l iner i s  that trapped betweell the l iner and the tank, s ince,  during outflow, 
the gasl l iquid interface i s  maintained by the sc reen  pores  until sc reen  break-  
down a t  propellant depletion. The a r e a  under each tr iangle is: 
o r ,  for  D' = 2R sin 8 and for N t r iangles ,  the total a r e a  between the pleated 
sc reen  and the tank wall is: 
Integrating the a r e a  f rom the top baffle to the bottom baffle gives the trapped 
volume: 
where k = nR/SIN 
P,MXn>ING PAGE BLANK NOT 
1 50 
a. 
AT UAFFLE DIAMETER* 
* UAFFLE DIA.  = TANK DIA./4 
C R M  
w 
nD/N 
b. 
AT TANK DIAMETER 
NOMENCLATURE 
Thir yields: 
- 2 1 V] = nR S 1 L - T ~ ~ ~ 8  d 1 - k  2 2  sin 9 
If the liner has a cylindrical section (where L Lliner l D),  then for L > 1, the residual volume in this section i s  
These residuals,  plus that trapped by the baffles (assuming a baffle gap of S): 
- 2 V3 = 2 n R S [ ( l  t cos 8 2) t ( I  - cos 8 
plus the puddle and standpipe residuals,  gives the total residual. 
The pressure  (head) loss  for flow through the pleated sc reen  liner i s  
determined f rom the same correlation a s  for the plain sc reen  liner: 
where V is,the screen approach velocity V = b l ~ 2  with A2 the sc reen  flow 
a rea ,  and Q the volume flowrc te. For  relatively low flowrates through fine 
Dutch Twill pleated screens ,  the a r e a  A2 i s  the total a r e a  of sc reen  exposed 
to  the flow (ref.  34) or:  
where T i s  the angle to the liquid interface. 
The head loss for  the flow along the annulus between the pleated l iner and 
the tank wall was determined in the same way a s  for the plain acreen l iner,  
and a modified Moody correlation was assumed. F rom Eckert  and Irvine 
(ref .  35) the laminar friction factor, f ,  i s  related to the Reynolds number 
Re, by: 
(D- 10) 
and for ieorcelee tr iangles with apex angles ranging f rom 14' to 6O0, the 
average value of C i s  53 ( a s  compared to C = 96 for a thin annulus). In the 
turbulent regime, the rhape of the flow pasrage doer not affect f except a8 it 
affectr the hydraulic diameter, a, and: 
(D- 11) 
where e is the roughness dimenrion of the rcreen. As was done for the plain 
screen liner, the laminar and turbulent friction factors were added to give: 
(D- 12) 
Since 
VDh f = and Re = P -/' (D- 13) 
then 
(D- 14) 
The hydraulic diameter of the triangular passages var ies  along the flow path: 
4 Area 4S1 C O B  a nD cos 
- 
Dh Circumference 
2s n D cos O coo a 
- 
- 2S1 N t n D c o s O  (D- 15) 
For our ryatem (see Figure 67), COB a var ie r  only from 0.9922 ( a  = 7.18') 
to 0.866 ( a  = 30') and therefore an average value of 0.93 war used for cos a .  
The flow velocity along the triangle is: 
(D- 16) 
The length along the flow path i r  L = Dl2 d @  and the log t e r m  in equation (D-14) 
i s  a weak function of Dh and, for  e a r e  of l a t e r  integration, a mean  value of 
th is  t e r m  was  used: 
(D- 17) 
Substituting for  L and equations (D- 1 5), (D- 16), and (D- 17) in Equation (D- 14) 
gives: 
N 1 I' 2 6  nD 0.93 c o s  r 2s1 0.93 D S ~ ~  0.93 c o s  b db 
D N 1 2 6  
16 (6.6046)% nD 0.93 c o s  @ ZS1 0.93 n 0.93 c o s @  l 2  d. 
(0- 18) 
Expanding and collecting t e r m s  gives: 
- a/:+ + b / 4 2 ~ ~  + c l r @ 2  A 
Hf - 2 cos  r (D-19) 
- 1 C O =  
- 4  coe d 
1 1 
where: 
Integrating 
sin O 
/ @ 2  - = 7 2 coo 4 
-*1 
so  that: 
d O  
- *l 
2 = tan 4 
COO 0 
s i n 4  s i n @  2 a 1.3, = :(- +- 2 )+ I T  t b) (tan @2 t t a n ? )  
COB * cos  
@ 2  
tan 2 (D-2 1) 
-*1 I -*1 
The pertinent equations were  programmed for the MDAC Direct  Access 
Computing System, and were  used to determine Safety Factor  and residual  
during outflow and annulus TVS flow and p r e s su re  distribution for the pleated 
l iner in the same fashion as was shown in Appendix B for  a plain liner. 
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